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BACKGROUND OF THE INVENTION 
1. The Field of the Invention 

[0001] The present invention relates to catalysts for use in various chemical processes. 
More particularly, the invention relates to highly selective supported catalysts having a 
controlled coordination structure and methods of manufacturing such catalysts. 



2. The Relevant Technology 

[0002] Catalysts are widely used in many industries including chemical, petroleum, 
pharmaceutical, energy, and automotive. Many of the catalysts used in these industries 
are based on dispersed particles of certain active components, where the active 
components are commonly metals or combinations of metals and other elements. In 
catalysts of this type, the catalytic properties of the materials are determined by both the 
type of active components selected, i.e., the elemental composition of the catalyst, and 
the detailed structure of the dispersed particles, i.e., the atomic scale structure and 
t 5 orientation of the dispersed particles, 
w a H £ S h [0003] Historically, much of the work in the development and optimization of catalysts 
<j 2 1 oh w has f° cuse d on the selection of the appropriate catalytic components. Prior methods 
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catalyst components. However, the control of the detailed structure of catalysts, 
particularly on the atomic scale, has presented a much greater difficulty. Controlling 
the atomic scale structure can be as important in the development of effective catalysts 
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as selecting the elemental composition. For example, control of the detailed catalyst 
crystal structure can relate directly to the selectivity of the catalyst. A method which 
allowed for the controlled exposure of certain kinds of catalytic active sites would allow 
certain reaction pathways to be favored to an extent that is not currently possible using a 
catalyst that contains a mixture of different types of active sites. 

[0004] One particularly useful way of defining a preferred catalytic structure is based 
on the geometry of the surface active sites. Because of thermodynamic considerations, 
it is normally the case that particles of crystalline materials will expose one or more of a 
limited number of low-index crystal faces. Common low-index crystal face exposures 
of metal particles include, for example, the 111, 100, and 110 crystal faces of the 
common crystal lattices, which include face-centered cubic (FCC), body-centered cubic 
(BCC), and hexagonal close-packed (HCP). Exemplary crystal faces are schematically 
illustrated in Figure 1. Each of these crystal faces has a different arrangement of atoms, 
and may therefore display different catalytic properties with respect to certain chemical 
reactions. Therefore, substantial improvements in catalyst function could theoretically 
be achieved if a method were available to exert effective control over the atomic-scale 
structure of catalytic particles. A more detailed description of metal crystal surface 
structure can be found by accessing the National Institute of Standards and Technology 
(NIST) WWW home page, particularly the Surface Structure Database (SSD). 
[0005] Despite the extensive history of catalyst development, there are few, if any, 
reliable methods which allow the detailed crystal structure of dispersed catalytic 
particles to be controlled as a way of improving and optimizing catalytic function. In 
part, this derives from the intrinsic difficulty of controlling structures at an atomic scale. 
It is also related to a lack of methods to accurately determine whether a desired atomic 
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scale structure has been successfully achieved. Moreover, as difficult as it might be to 
control the shape of the catalyst crystal lattice, one of skill in the art would find it even 
more difficult to control the crystal face exposure of a catalyst crystal. 
[0006] Attempts have been made to control the crystal lattice structure of active catalyst 
particles. An article by Termer S. Ahmadi, et al. of Georgia Institute of Technology, 
entitled "Shape-Controlled Synthesis of Colloidal Platinum Nanoparticles", published 
in Science, Vol. 272, pp. 1924-26, describes a method for the synthesis of shape- 
controlled platinum particles by controlling the ratio of the concentration of shaping 
material to that of ionic platinum. "Tetrahedral, cubic, irregular-prismatic, icoshedral, 
and cubo-octahedral particle shapes were observed, whose distribution was dependent 
on the concentration ratio of the capping polymer material to the platinum cation." Id, 
p. 1924. The article is silent, however, with respect to how to control crystal face 
exposure of a given crystal shape. Moreover, the article not only fails to teach how to 
select or increase the preponderance of one crystal face exposure of a catalyst crystal 
structure over another, it provides no teaching or suggestion that would motivate the 
selection of any particular crystal face exposure over another. 
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BRIEF SUMMARY OF THE INVENTION 
[0007] The present invention is directed to supported reactive catalysts that have 
increased specificity for certain reactions and methods for manufacturing such 
supported reactive catalysts. The supported reactive catalysts include catalyst particles 
having a controlled coordination structure in which a preponderance of the top or outer 
surface of reactive catalyst atoms have a nearest neighbor coordination number of 2. 
That is, the catalytically reactive atoms in the supported reactive catalyst are arranged 
so that a preponderance of individual catalyst atoms are coordinated with exactly two 
other catalyst atoms within the top or outer layer of the catalyst particles. 
[0008] Providing catalytically reactive atoms having a coordination number of 2 on the 
reactive surfaces of a supported catalyst greatly limits how chemical reactants in a given 
chemical reaction are arranged and distributed on the catalyst surface during the 
catalyzed chemical reaction. Limiting how the chemical reactants are arranged and 
distributed by the catalyst atoms directly influences and controls the range and type of 
possible reaction products that can be produced given the concentration and identity of 
chemical reactants. By way of example and not limitation, although oxygen and water 
can react together to form both water (H 2 0) and hydrogen peroxide (H 2 0 2 ), water is 
thermodynamically favored and will usually be formed over hydrogen peroxide absent 
some way to alter the reaction conditions. This is also true in the case of catalyzed 
reactions between oxygen and hydrogen, in which the formation of water is naturally 
favored. It has now been discovered that providing a catalyst in which a preponderance 
of the catalytically reactive atoms are arranged so as to have a coordination number of 2 
on the top or outer layer exhibits high selectivity that favors the production of hydrogen 
peroxide over water using a feed stream comprising oxygen and hydrogen. 

-Page 5- Docket No. 15913.39.1 



[0009] In one embodiment, the supported reactive catalysts according to the invention 
are manufactured from intermediate precursor compositions that include one or more 
catalyst atoms complexed with one or more control or templating agents to form an 
intermediate catalyst complex that promotes the formation of catalyst particles in which 
a preponderance of the catalytically reactive atoms have a coordination number of 2 in 
the top or outer layer. One or more solvents, carriers or dispersing agents may be used 
to form the precursor composition and resulting supported catalyst. Various types of 
support materials may be used as the support for the catalyst particles. 
[0010] The inventive precursor compositions, together with methods for depositing 
catalytically reactive atoms onto a support, control which face of the catalyst crystallite 
is predominantly exposed. Examples of low-index crystal faces having a coordination 
number of 2 include the (110) crystal face of face centered cubic (FCC) or hexagonal 
closed packed (HCP) crystal lattices, which includes linear rows of atoms in the top or 
outer layer, the (101), (122), or (120) crystal face of a HCP crystal lattice, and (112), 
(122) or (123) crystal face of a body-centered cubic (BCC) crystal lattice. Forming a 
catalyst crystal or crystallite may inevitably occur and is the currently understood 
method for producing catalyst particles in which a top or outer layer of catalyst atoms 
§ * ^ 5 have a coordination number of 2. Nevertheless, it is, at least theoretically, not essential 
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reaction specificity regardless of whether the atoms are aligned as straight rows, in a 
zig-zag formation, or in less ordered rows having no uniform shape so long as a 
preponderance of the catalytically reactive atoms have a coordination number of 2. 
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[0011] According to one embodiment, at least about 50% of the catalytically reactive 
atoms in the supported catalyst will advantageously have a coordination number of 2 in 
the top or outer layer of atoms. Preferably, at least about 60% of the catalytically 
reactive atoms will have a coordination number of 2 in the top or outer layer of atoms, 
more preferably at least about 70% of the catalytically reactive atoms in the top or outer 
layer, more especially preferably at least about 80% of the catalytically reactive atoms 
in the top or outer layer, and most preferably at least about 90% of the catalytically 
reactive atoms in the top or outer layer. Reaction selectivity would be expected to be 
even further increased where at least about 95% of the catalytically reactive atoms in 
the top or outer layer have a coordination number of 2. Reaction selectivity would be 
maximized in the case where 100% of the catalytically reactive atoms in the top or outer 
layer have a coordination number of 2 

[0012] Supported catalysts according to the invention, in addition to providing reactive 
catalyst atoms in which a preponderance of the atoms in the top or outer layer have a 
coordination number of 2, may include individual catalyst particles that (a) are of small 
size (e.g., as small as 10 nanometers or less), (b) have uniform size, shape, and 
distribution, and (c) are reliably anchored to the support so as to resist agglomeration 
and/or crystal face reorientation. 

[0013] A variety of different elements can be used as the reactive catalyst atoms within 
the supported catalyst. For example, the catalyst atoms may include one or more noble 
metals, base transition metals, rare earth metals, and even non-metals. In addition to the 
foregoing catalyst atoms, alkali metals and alkaline earth metals may be present. The 
forgoing catalyst atoms can be utilized alone or in combination as desired to yield a 
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supported catalyst having a desired catalytic reactivity and/or selectivity relative to one 
or more targeted chemical reactions. 

[0014] The invention contemplates the use of a variety of different control or 
templating agents that, when complexed with one or more catalyst atoms to form an 
intermediate catalyst complex, can be used in the formation of supported catalysts in 
which the top or outer layer of catalytically reactive atoms have a coordination number 
of 2. In one aspect, the control or templating agents are capable of forming complexes 
with the desired catalyst atoms in a precursor solution. Because of specific structural 
and chemical properties, the control agents mediate in the formation of catalyst particles 
or crystallites, causing the preferential formation of specific and desirable structures. 
Specifically, the intermediate catalyst complex interacts during catalyst particle 
formation to induce the formation of dispersed particle structures with a predominant 
exposure of controlled coordination crystal face structures with a top or outer layer of 
catalytically reactive atoms have a nearest neighbor coordination number of 2. 
[0015] Control agents within the scope of the invention include a variety of different 
polymer, oligomer, or organic molecules. Each control agent molecule has a structural 
backbone along which are disposed a plurality of functional groups for complexing the 
catalytically reactive atoms to the control agent. In some cases, the catalyst atoms may 
be complexed by functional groups provided by two or more different compounds or 
polymers. For example, 8 catalyst atoms having a valence of 2 might be complexed on 
one side by 8 functional groups provided by a first polymer, oligomer, or organic 
molecule and on an opposite side by 8 functional groups provided by a second polymer, 
oligomer, or organic molecule. 
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[0016] It has now been found that the tendency of the catalytically reactive atoms to be 
arranged on a support so as to have a coordination number of 2 on the top or outer layer 
is at least partially determined by the percentage of straight-chained molecules 
comprising the control agent, as opposed to molecules that are branched. More 
specifically, increasing the percentage of straight-chained molecules has been found to 
increase the tendency of the catalytically reactive atoms to have a coordination number 
of 2. In view of this, the control agent typically includes polymer, oligomer, or organic 
molecules in which at least about 50% are straight-chained. In a preferred embodiment, 
at least about 60% of the polymer, oligomer, or organic molecules of the control agent 
will be straight-chained, more preferably at least about 75%, even more preferably at 
least about 90%, and most preferably at least about 95%. The tendency of the 
catalytically reactive atoms to be arranged so as to have a coordination number of 2 on 
the top or outer layer will be maximized where 100% of the polymer, oligomer, or 
organic molecules comprising the the control agent are straight-chained. 
[0017] In some cases, the tendency of a control polymer, oligomer or organic molecule 
to be straight-chained increases with decreasing molecular weight. An example of a 
control polymer or oligomer that is more linear with reduced molecular weight is 
polyacrylic acid. Decreasing the molecular weight of polyacrylic acid decreases its 
length, which, in turn statistically reduces the likelihood that a particular polyacrylic 
acid polymer or oligomer will be branched. 

[0018] Depending on how the final supported catalyst is formed, the control agent may 
also act to chemically anchor the reactive catalyst particles to a support. Preferably, the 
support has a plurality of hydroxyl or other functional group on the surface thereof that 
are able to chemically bond to one or more functional groups of the control agent, such 
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as by a condensation reaction. One or more additional functional groups of the control 
agent are also bonded to one or more atoms within the catalyst particle, thereby 
anchoring the catalyst particle to the support. Reliably anchoring the catalyst particles 
to the support helps keep the catalyst active over time by reducing the tendency of the 
catalyst particles to become agglomerated together, which would reduce the available 
surface area of the catalyst particles. Anchoring the catalyst particles to the support also 
reduces or eliminates the tendency of the catalyst particles to become separated entirely 
from the support, which may also reduce the efficacy of the catalyst. 
[0019] It is within the scope of the invention to arrange catalyst particles according to 
the invention on any known support. Support substrates may be 2-dimensional or 3- 
dimensional, may be porous or nonporous, and may comprise organic or inorganic 
materials. The support may itself be catalytic or it may be inert. Exemplary support 
materials include, but are not limited to, alumina, silica, titania, kieselguhr, 
diatomaceous earth, bentonite, clay, zirconia, magnesia, as well as the oxides of various 
other metals, alone or in combination. They also include the class of porous solids 
collectively known as zeolites, natural or synthetic, which have ordered porous 
structures. Another important class of supports preferred for some applications are 
carbon-based materials, such as carbon black, activated carbon, graphite, fluoridated 
carbon, and the like. The support material may also be constructed of a metal or metal 
alloy. 

[0020] The complexed catalyst atoms in the intermediate precursor composition are 
generally in the form of a metal salt solution or colloidal suspension including, but not 
limited to, chlorides, nitrates, phosphates, sulfates, tungstates, acetates, citrates, and 
glycolates. A solvent may be used as a vehicle for either the catalytic component or the 
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control agent. Preferred solvents include water, dilute aqueous acids, methanol, 
ethanol, normal and isopropanol, acetonitrile, acetone, tetrahydrofuran, ethylene glycol, 
dimethylformamide, dimethylsulfoxide, methylene chloride, and the like, including 
mixtures thereof. The precursor solution or colloidal suspension may be acidified with 
any suitable acid, including organic and inorganic acids. 

[0021] Exemplary methods for making supported catalysts according to the invention 
include providing catalyst atoms in solution (e.g., in the form of an ionic salt), providing 
a control agent in solution (e.g., in the form of a carboxylic acid salt), and reacting the 
catalyst atoms with the control agent to form an intermediate precursor composition 
comprising a catalyst complex of the catalyst atoms and the control agent. Next, the 
intermediate catalyst complex is applied to a support, typically by means of an 
appropriate liquid solvent or carrier in order to apply or impregnate the catalyst 
complex onto the support. Thereafter, the solvent or carrier is removed, optionally in 
connection with a reaction step that causes the control agent to become bonded to the 
support. This yields a supported precursor catalyst in which the catalyst atoms have 
been arranged in a desired fashion, but not yet exposed or otherwise activated. In order 
to expose at least a portion of catalyst atoms and yield an active supported catalyst, a 
portion of the control agent is removed, such as by reduction, e.g., hydrogenation. 

w . ig j °o 

P I p g S | [0022] The resulting catalyst can be optionally heat-treated to further activate the 
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agent remains so as to reliably anchor the catalyst particles to the support. Thus, at least 
that portion of the control agent interposed between the support and the bottom surface 
of the catalyst particles facing the support is advantageously left intact. What remains 
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of the control agent may be considered to comprise an "anchoring agent." (In addition 
to the remaining portion of the control agent, the "anchoring agent" may optionally 
comprise other polymers, oligomers or organic compounds that are interposed between 
the catalyst particles and support and that aid in anchoring the catalyst particles to the 
support.) 

[0023] On the other hand, removing the control agent to the extent that little or any of it 
remains to anchor the catalyst particles to the support has been found to reduce the 
long-term stability of the supported catalyst. Removing all of the control agent may 
greatly reduce the long-term stability of the supported catalyst. Whereas removing all 
of the control agent may initially yield catalyst particles having the desired crystal face 
exposure, leaving behind insufficient control agent and/or failing to provide another 
polymer, oligomer, or organic compound to reliably bind the catalyst particles to the 
support results in catalyst particles that are considerably more mobile. This, in turn, 
results in a greater tendency of the catalyst particles to become agglomerated when 
exposed to heat (e.g., such as when the catalyst is in use) and/or separated from the 
support altogether. 

[0024] By way of example, supported catalysts according to the invention may be 
useful in catalytically promoting the following chemical reactions: 

1. Reactions involving hydrogen and oxygen to selectively form 
hydrogen peroxide instead of water. The hydrogen peroxide so formed may be 
used or sold as a product or used as an oxidizing agent in an integrated 
manufacturing process to form other chemical products; 

2. Reactions involving hydrogen, oxygen, and organic compounds 
to form chemical products, e.g., in situ formation of hydrogen peroxide as an 
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intermediate oxidizing agent that reacts with the organic compound to form 
other chemical products; 

3. Reactions involving oxygen and organic compounds to form 
oxidized chemical products, i.e., direct oxidation without hydrogen peroxide as 
an intermediate; 

4. Reactions between hydrogen and organic compounds to form 
chemical or fuel products, i.e., hydrogenation, hydrotreating and hydrocracking; 

5. Reactions of chemical products to liberate hydrogen, i.e., 
dehydrogenation and reforming; and 

6. Electrochemical reactions of hydrogen and/or oxygen at fuel cell 
electrodes. 

[0025] It has also been discovered that further improvements can be made for the 
manufacture of hydrogen peroxide from hydrogen and oxygen by conducting the 
process in organic solvents having a specific Solvent Solubility Parameter (SSP). A 
feature of the invention is the discovery of a significant performance enhancement 
achieved by conducting the synthesis reaction of hydrogen peroxide in a liquid medium 
including, at least in part, a selected organic solvent. Although a variety of known 
organic solvents may be used, the appropriate solvent selection is influenced by various 
factors, including catalyst performance enhancement, ease of separating the liquid 
solvent from the hydrogen peroxide-containing liquid product for recycle, ultimate use 
for the hydrogen peroxide product, and the possibility of side reactions occurring 
between the solvent and the hydrogen peroxide. 
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[0026] The organic solvent may be used as a pure solvent, or as a mixture with water, 
with the selection related to similar factors as defined by a unique Solvent Selection 
Parameter (SSP). The Solvent Selection Parameter is defined based on the solubility of 
hydrogen in the solvent, and is specifically defined as follows: 

Solvent Selection Parameter = E(w/ x S,), wherein: 

w, is the weight fraction of solvent component / in the liquid reaction 

mixture; 

S/ is the solubility of hydrogen in pure component /, expressed as mole 
fraction at standard conditions of 25 °C and 1 atm; and 

the symbol "E" indicates a sum over all of the components that comprise 
the liquid reaction mixture. 
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[0027] The Solvent Selection Parameter (SSP) is simple to calculate based on hydrogen 
solubility data that are available in the open literature. Although the Solvent Selection 
Parameter takes no account of non-linear changes in hydrogen solubility that may occur 
upon mixing different liquids, it has been found to be very useful in selection of 
appropriate organic solvents for the liquid medium for the practice of this invention 
[0028] Useful organic solvents for this invention include oxygen-containing compounds 
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rSHwSh such as alcohols, ketones, aldehydes, furans (e.g., THF), ethers, and esters, nitrogen 



containing compounds such as nitriles, amines, and amides (e.g., DMF), phosphorus 
containing compounds such as organic phosphine oxides, hydrocarbons such as 



aliphatic hydrocarbons and aromatic hydrocarbons, and the like, or mixtures thereof. 
Preferred solvents are those which are miscible with water and have good solubility for 
hydrogen peroxide, because it has been found in the practice of this invention that a 
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one-phase liquid reaction medium provides superior yield results. Furthermore, it is 
preferred that the solvent has a boiling point lower than that of water or hydrogen 
peroxide. This allows the solvent to be recovered from the peroxide-containing product 
as an overhead stream by a distillation step. Such lower boiling temperature 
relationship avoids the need to distill hydrogen peroxide overhead from a heavier 
solvent, which is a hazardous operation. Examples of preferred solvents are light 
alcohols such as ethanol, methanol, n-propanol and isopropanol, light ketones such as 
acetone, and nitrogen-containing solvents such as acetonitrile and 1 -propylamine. 
[0029] These and other advantages and features of the present invention will become 
more fully apparent from the following description and appended claims, or may be 
learned by the practice of the invention as set forth hereinafter. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0030] To further clarify the above and other advantages and features of the present 
invention, a more particular description of the invention will be rendered by reference to 
specific embodiments thereof which are illustrated in the appended drawings. It is 
appreciated that these drawings depict only typical embodiments of the invention and 
are therefore not to be considered limiting of its scope. The invention will be described 
and explained with additional specificity and detail through the use of the 
accompanying drawings, in which: 

[0031] Figures 1 A and IB schematically depict exemplary low-index crystal faces; 
[0032] Figures 2A and 2B schematically compare how hydrogen and oxygen are 
arranged or coordinated relative to catalyst atoms on different low-index crystal faces; 
[0033] Figure 3 is a schematic diagram of a top view of an exemplary top or outer layer 
of reactive catalyst atoms having a coordination number of 2 and arranged in non- 
regularly arranged rows; 

[0034] Figure 4 is a schematic diagram of the chemical structure of an exemplary 
intermediate catalyst complex of the present invention; 

[0035] Figure 5 schematically illustrates a catalyst particle chemically bonded to a 
support by an anchoring agent; 

[0036] Figure 6 is a high resolution TEM of a supported Pd-Pt/C catalyst according to 
the invention showing the ordered arrangement of the noble metal catalyst atoms; 
[0037] Figure 7 is a high resolution TEM of a supported Pd-Pt/TSl catalyst according 
to the invention showing the ordered arrangement of the noble metal catalyst atoms on a 
TS1 catalyst support; and 
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[0038] Figure 8 is a graph showing the correlation between hydrogen peroxide product 
yield and Solution Selection Parameter (SSP). 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
I. INTRODUCTION AND DEFINITIONS 

[0039] The present invention is directed to supported reactive catalysts having a 
controlled coordination structure. In particular, a preponderance of the top or outer 
layer of reactive catalyst atoms in the catalyst particles of the support catalysts have a 
nearest neighbor coordination number of 2. Such supported catalysts exhibit high 
specificity for a variety of different chemical reactions. The invention also relates to 
methods for manufacturing supported reactive catalysts. 

[0040] The term "precursor composition" refers to a range of intermediate compositions 
that are used to manufacture reactive supported catalysts having a controlled 
coordination structure. The precursor compositions themselves may not be catalyticaliy 
active unless farther processed. Examples of inventive precursor compositions include 
(1) intermediate catalyst complexes comprising catalyst atoms complexed with a control 
agent; (2) solutions or colloidal suspensions comprising an intermediate catalyst 
complex and a liquid solvent or carrier; (3) solutions or suspensions comprising an 
intermediate catalyst complex, solvent or carrier, and a support (whether or not the 
catalyst complex is actually bonded to the support); and (4) an intermediate catalyst 
complex bonded to a support in the absence of a solvent or carrier. 
[0041] The terms "intermediate catalyst complex" and "catalyst complex" refer to a 
solution, colloid or suspension in which a bond or coordination complex is formed 
between a control or templating agent and one or more different types of catalyst atoms. 
The "bond" between the control agent and catalyst atoms may be ionic, covalent, 
electrostatic, or it may involve other bonding forces such as coordination with 
nonbonding electrons, Van Der Waals forces, and the like. 
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[0042] The terms "control agent" and "templating agent" refer to a class of polymers, 
oligomers, or organic compounds which promote the formation of supported catalyst 
particles having the controlled coordination structure of the present invention. Within 
the intermediate precursor composition, the control or templating agent first forms an 
intermediate catalyst complex with the catalyst atoms in order to form a solution or 
dispersion of catalyst atoms in a solution or colloidal suspension. When deposited onto 
a support, the intermediate catalyst complex forms an ordered array of catalyst atoms. 
Upon removal of a portion of the control agent, a preponderance of the exposed catalyst 
atoms are arranged so as to have a nearest neighbor coordination number of 2. 
[0043] The term "catalyst atom" refers to metallic or non-metallic atoms that are 
complexed with the control or templating agent to form an intermediate catalyst 
complex. After removing a portion of the control agent, the catalyst atoms become 
"reactive catalyst atoms" that are able to catalytically promote a desired chemical 
reaction. 

[0044] The term "catalyst particle" refers to the catalytically active portion of a 
supported catalyst. In some (or perhaps) all cases, the catalyst particles will be "crystal 
particles" in which the reactive catalyst atoms are arranged in an ordered crystal 
structure. Nevertheless, it is within the scope of the invention to form supported 
reactive catalysts in which the active catalyst particles are not arranged in an ordered 
crystal structure. A distinguishing feature of the inventive catalyst particles according 
to the invention is that a preponderance of reactive catalyst atoms on a top or outer layer 
of the catalyst particles will have a nearest neighbor coordination number of 2. 
[0045] The term "crystal face" refers to the top or outer layer of reactive catalyst atoms 
within a catalyst crystal. The terms "crystal face exposure" and "crystal face 
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exposition" refer to the specific arrangement of catalyst atoms within a particular crystal 
face (e.g, low index crystal face exposures (100), (1 10), and (1 1 1)). 
[0046] The terms "controlled phase exposition" or "controlled face exposure" are used 
herein to refer to the situation where a catalytic crystal or particle has a top or outer 
layer of catalyst atoms in desired coordination structure. 

[0047] The term "coordination number of 2" refers to a crystal face exposure, whether 
low or high index, in which the reactive catalyst atoms on the top or outer layer are 
arranged so that each atom, except the terminal atoms in a given row, is coordinated 
with exactly 2 other catalyst atoms. The terminal atoms of each row will, of course, be 
coordinated with only 1 other catalyst atom, yet are considered to have a "coordination 
number of 2" for purposes of determining the percentage of top or outer layer catalyst 
atoms that have a nearest neighbor coordination number of 2. In the case of catalyst 
particles that are not really crystals, the reactive catalyst atoms in top or outer layer may 
or may not actually emulate a true crystal face. 

[0048] The term "supported reactive catalyst" refers to a composition containing one or 
more catalyst particles attached to a support. The support itself may be catalytically 
active or it may be catalytically inert. 

II. SUPPORTED REACTIVE CATALYSTS 

[0049] Supported reactive catalysts include catalyst particles in which a preponderance 
of reactive catalyst atoms in the top or outer layer have a nearest neighbor coordination 
number of 2. To better understand what is meant by the term "coordination number of 
2" and why reactive catalyst atoms so arranged have high selectivity for certain 
reactions, reference is made to Figures 1 and 2. 
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[0050] Figures 1 A and IB schematically illustrate crystal face exposures that are either 
desired or undesired. The desired presentation is distinguished by exhibiting 
predominantly a coordination number of 2 for the top or outer layer of catalyst atoms of 
the crystal face, in contrast to the undesired crystal face exposure having a higher 
coordination number. The FCC (110) face and HCP (120) face exposures of Figure 1 A 
are examples of desired atomic arrangements in which the top or outer layer atoms have 
a coordination number of 2. The top or outer layer of atoms in the FCC (1 10) face 
exposure are arranged in a linear fashion, while the top or outer layer of atoms in the 
HCP (120) face exposure are arranged in a zig-zag fashion. In each case, each catalyst 
atom within the top or outer layer is coordinated with exactly 2 other catalyst atoms 
(except for the terminal atoms in each row, which are coordinated with 1 catalyst atom). 
As discussed more fully below, this arrangement of catalyst atoms favors the formation 
of hydrogen peroxide instead of water when the catalyst is used to catalyze a reaction 
using a feed stream containing oxygen and hydrogen. 

[0051] In contrast to the favored face exposures, the FCC (100) face and FCC (111) 
face exposures of Figure IB are examples of less desired or undesired arrangements 
because the top or outer layer of catalyst atoms are coordinated with more than 2 other 
catalyst atoms. In the case of the FCC (100) face exposure, each interior catalyst atom 
in the top or outer layer is coordinated with 4 other catalyst atoms. For the FCC (111) 
face exposure, each interior catalyst atom in the top or outer layer is coordinated with 6 
other catalyst atoms. Both FCC (100) and (111) face exposures are non-selective for 
hydrogen peroxide over water. Since water is thermodynamically favored (i.e., because 
it is much more stable than hydrogen peroxide), both FCC (100) and (111) face 
exposures favor the formation of water. 
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[0052] To better illustrate how catalyst particles in which the top or out layer of reactive 
catalyst atoms have a nearest neighbor coordination number of 2 favor the formation of 
the less thermodynamically favored hydrogen peroxide over water, reference is made to 
Figures 2 A and 2B. As seen in Figure 2 A, catalyst atoms having the desired exposure 
allow for controlled surface adsorption of hydrogen and oxygen on the catalyst particle 
surface in a presentation which, at least in theory, only allows for the production of 
hydrogen peroxide. Both hydrogen and oxygen exist as diatomic molecules that contain 
two atoms of hydrogen (H-H, or H 2 ) or two atoms of oxygen (0=0, or 0 2 ), 
respectively, (where "-" denotes a single bond and denotes a double bond). 
Because oxygen normally forms two bonds, but hydrogen only forms one bond, when 
adsorbed onto or coordinated with catalyst atoms in FCC (110) and HCP (120) face 
exposures, the only arrangement of hydrogen and oxygen molecules that promotes a 
reaction between individual hydrogen and oxygen atoms is (H O O H), as shown in 
Figure 2A . Upon formation of molecular bonds between the coordinated hydrogen and 
oxygen atoms, a hydrogen peroxide molecule (H-O-O-H) is formed. 
[0053] The only other possible arrangements of hydrogen and molecules relative to 
every group of four catalyst atoms having a coordination number of 2, i.e., (H H H H), 
, j ~ _ (O O O O) and (H H O O), do not promote reactions between hydrogen and oxygen. 
Q I h £ £ | No arrangements of H 2 and 0 2 molecules promote the formation of water because that 
< i 1 § h w would require a lone oxygen atom to be coordinated with two hydrogens (H O H) to 
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form water (H-O-H). However, lone oxygen atoms are not normally found within a 
feed stream of oxygen gas under typical reaction conditions. Thus, hydrogen peroxide 
formation is favored over water. 
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[0054] In contrast to FCC (110) and HCP (120) face exposures, an undesired surface 
coordination of the top-layer atoms, e.g., FCC (100) and FCC (111) face exposures, 
does not exhibit specificity to the production of hydrogen peroxide over water. Figure 
2B depicts possible arrangements of oxygen and hydrogen atoms when adsorbed onto 
or coordinated with catalyst atoms in both the FCC (110) and HCP (120) face 
exposures. When oxygen and hydrogen are so arranged, only water is formed. 
Admittedly, Figure 2B depicts the worst-case scenario for the production of hydrogen 
peroxide. Given a random distribution of hydrogen and oxygen molecules adsorbed 
onto or coordinated with catalyst atoms in FCC (110) and HCP (120) face exposures, 
both hydrogen peroxide and water can be produced. However, because water is far 
more stable, its production is thermodynamically favored over hydrogen peroxide. 
[0055] In order to overcome the tendency of conventional catalysts to produce water 
instead of hydrogen peroxide, other strategies must be employed to obtain a 
commercially viable concentration of hydrogen peroxide formation. For example, a 
feed stream substantially richer in oxygen than in hydrogen can increase the likelihood 
that the oxygen and hydrogen atoms can be arranged on the catalyst surface so as to 
form hydrogen peroxide. However, substantially altering the relative concentrations of 
oxygen and hydrogen in this manner can slow down the reaction and decrease yields. 
In contrast, employing a catalyst in which a preponderance of catalyst atoms have a 
coordination number of 2 favors the production of hydrogen peroxide over water by 
virtue of the catalyst alone. This is a huge advantage over conventional catalysts. 
[0056] It should be understood that the crystal phase exposures illustrated in Figures 1 
and 2 are non-limiting examples of catalyst atoms in the top or outer layer having a 
coordination number of 2. The present invention contemplates any arrangement of top 
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or outer layer atoms exhibiting a nearest neighbor coordination number of 2, i.e., in 
which all other nearby atoms are spaced at greater than nearest neighbor spacing, are 
not located in the top or outer layer of atoms, or both. For the purposes of this 
invention, the nearest neighbor spacing referred to in the above description is the actual 
nearest neighbor spacing within the top atomic layer of the crystal. This spacing may 
be similar to the nearest neighbor spacing of the bulk crystal lattice of the catalytic 
component, but may differ from that bulk spacing to some extent because of crystal 
structure deformations or relaxations that may occur at exposed surfaces of crystalline 
materials. 

[0057] The preferred coordination structure is believed to encourage reactions between 
adsorbed components located on nearest neighbor coordinated sites, while discouraging 
or substantially preventing reactions occurring between non-coordinated sites located 
where there is greater than nearest neighbor spacing. By restricting the number of 
nearest neighbor sites available for intermolecular or interatomic reactions on the 
catalyst surface, the controlled coordination structure is believed to be responsible for 
the very high selectivity which can be achieved using catalysts of this invention. For 
instance, a selectivity of up to 100% can be achieved in one application of the invention 
wherein a catalyst comprising palladium including top or outer surface atoms having a 
coordination number of 2 is employed to produce hydrogen peroxide from hydrogen 
and oxygen gas feed streams. 

[0058] As discussed above, controlled coordination structures according to the 
invention may include linear configurations, such as the FCC (110) face shown in 
Figure 1A, or a zigzagged configuration, such as the HCP (120) face also shown in 
Figure 1 A. The controlled coordination structures of the present invention also includes 
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several families of low-index crystal faces which have been found to have suitable 
coordination structures and are useful structures for the catalysts of this invention. 
Examples include: 

(a) the (110) face of the FCC (face-centered cubic) lattice, 

(b) the (221), (331) and (332) crystal faces of the FCC lattice; 

(c) the (110) crystal face of the HCP (hexagonal closed packed) lattice, 
including (220), (330), etc. 

(d) the (101) crystal face of the HCP lattice, including (202), (303), etc. 

(e) the (122) crystal face of the HCP lattice; 

(f) the (120) crystal face of the HCP lattice; 

(g) the (122) crystal face of the BCC (body-centered cubic) lattice; and 

(h) the (1 12) and (123) crystal face of the BCC lattice. 

[0059] In all of the above crystal face designations, it will be understood by those 
skilled in the art that each named crystal face has many alternate Miller index 
designations, each of which are equivalent to those listed above. All of the unnamed 
but equivalent crystal face designations should be understood to be included within the 
scope of this invention. For example, in the FCC and BCC crystal lattices, all three 
coordinate directions are equivalent. In this example, the (110) crystal face is identical 
to the (101) and the (011) crystal faces. For the HCP lattice, only the first two 
coordinates are equivalent. For example, the (101) and the (011) crystal faces are 
identical, while the (110) crystal face is distinct. 

[0060] Theoretically, the term "coordination number of 2" may include catalytically 
reactive atoms in any arrangement so long as the catalyst atoms in the top or outer layer 
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have a nearest neighbor coordination with only 2 catalyst atoms. As shown in Figure 3, 
alternative arrangements of top or outer layer atoms exhibiting a nearest neighbor 
coordination number of 2 may include less ordered rows that are not normally 
associated with an ordered crystal lattice. So long as the top or outer layer of catalyst 
atoms have a nearest neighbor coordination number of 2, catalyst particles of that type 
should still favor the production of hydrogen peroxide over water. 
[0061] According to one embodiment, at least about 50% of the reactive catalyst atoms 
in the top or outer layer in a supported reactive catalyst will advantageously have a 
coordination number of 2. Preferably, at least about 60% of the reactive catalyst atoms 
in the top or outer layer will have a coordination number of 2, more preferably at least 
about 70% of the reactive catalyst atoms in the top or outer layer, more especially 
preferably at least about 80% of the reactive catalyst atoms in the top or outer layer, and 
most preferably at least about 90% of the reactive catalyst atoms in the top or outer 
layer will have a coordination number of 2. Reaction selectivity would be expected to 
be even further increased where at least about 95% of the reactive catalyst atoms in the 
top or outer layer have a coordination number of 2. Reaction selectivity would be 
maximized in the case where 100% of the reactive catalyst atoms in the top or outer 

O § 06 § l a y er have a coordination number of 2. 
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8 i h 5 h | [0062] The catalyst particles of the present invention may be present in any size, but it 

< 2 1 § | « is preferred that they be of small size, in the 1-100 nm size range. While not essential, 

2 2 § s 5 ft * s a ^ s0 P re f errec l that the catalytic particles be of generally uniform size. Furthermore, 
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it is also preferred that the catalytic particles be uniformly dispersed on the support to 
reduce the effects of interparticle interaction, which can lead to undesirable effects, such 
as loss of activity or loss of selectivity due to, e.g., particle agglomeration or sintering. 
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[0063] In the case where two or more different types of catalyst atoms are used, it is 
possible, according to the concepts described herein, for supported catalysts to include 
an even distribution of catalyst atoms. This is a significant departure from conventional 
methods of manufacturing supported catalysts, in which different catalyst atoms are 
typically clustered together due to the natural tendency of catalyst atoms to attract and 
congregate with like atoms. Thus, in a conventional catalyst comprising a mixture of 
palladium and platinum, the majority of palladium atoms will be clustered together in 
crystals where palladium predominates, and the the majority of platinum atoms will be 
clustered together in crystals where platinum predominates. In contrast, the ability to 
complex individual atoms using the control or templating agent, as discussed more fully 
below, allows for intimate, even a highly randomized, mixing of two or more different 
types of catalyst atoms. 

[0064] The supported reactive catalysts having a controlled coordination structure are 
useful in various reactions, including formation of hydrogen peroxide, formation and 
use of hydrogen peroxide as an intermediate reactant in the oxidation of organic 
molecules, direct oxidation of organic molecules, hydrogenation, reduction, 
dehydrogenation, and, potentially, to make fuel cells. 

[0065] The catalytic materials, control agents, support materials, and other components 
which may be selected to form catalytic particles according to the present invention will 
now be discussed in detail. In general, the inventive supported catalysts according to 
the invention can be manufactured from intermediate precursor compositions that are 
designed to yield the desired controlled coordination structure. 

[0066] The precursor compositions may include any component that aids in the 
formation of supported catalysts in which the catalyst particles include a preponderance 
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of catalyst atoms in the top or outer layer having the desired controlled coordination 
structure. Examples include, but are not limited to, catalyst atoms, control or 
templating agents, intermediate catalyst complexes formed from catalyst atoms and 
control agents, solvents or carriers, and support materials. The precursor compositions 
typically include an intermediate catalyst complex formed from one or more different 
types of catalyst atoms and one or control or templating agents. 



A. Intermediate Catalyst Complexes 
[0067] Intermediate catalyst complexes include one or more different types of catalyst 
atoms complexed with one or more different types of control or templating agents. 
When so complexed, the catalyst atoms are arranged in such a manner that, when the 
intermediate catalyst complex is used to manufacture a supported reactive catalyst and a 
portion of the control agent is removed to expose a portion of the catalyst atoms in a 
desired manner, that a preponderance of reactive catalyst atoms will have a desired 
controlled coordination structure. 



1. Catalyst Atoms 

O § E [0068] Any element or group of elements that can exhibit catalytic activity can be used 
PShwht to form catalyst complexes and catalyst according to the invention. These include 
< 2 1 § M w elements or groups of elements that exhibit primary catalytic activity, as well as 

^ u h u < < 

2 s< <=> w j 

2 a §§j promoters and modifiers. As the primary catalytic active component, metals are 
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preferred. Exemplary metals can include noble metals, base transition metals, and rare 
earth metals. Catalyst particles may also comprise non-metal atoms, alkali metals and 
alkaline earth metals, typically as modifiers or promoters. 
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[0069] Examples of base transition metals that may exhibit catalytic activity include, 
but are not limited to, chromium, manganese, iron, cobalt, nickel, copper, zirconium, 
tin, zinc, tungsten, titanium, molybdenum, vanadium, and the like. These may be used 
alone, in various combinations with each other, or in combinations with other elements, 
such as noble metals, alkali metals, alkaline earth metals, rare earth metals, or non- 
metals. 

[0070] Examples of noble metals, also referred to as platinum-group metals, that exhibit 
catalytic activity, include platinum, palladium, iridium, gold, osmium, ruthenium, 
rhodium, rhenium, and the like. These may be used alone, in various combinations with 
each other, or in combinations with other elements, such as base transition metals, alkali 
metals, alkaline earth metals, rare earth metals, or non-metals. 

[0071] Noble metals are particularly well-suited for use in this invention for a variety of 
reasons. They are highly active catalysts which are useful in numerous chemical 
transformations. When dispersed, they can form small crystallites on which the desired 
controlled coordination surface structure can be obtained having one or more of the 
known low-index crystal faces of the noble metal crystal lattice. Because they are very 
expensive, it is particularly desirable to make the most efficient possible use of the 
noble metal constituents by assuring that a preponderance of the most desired active 
sites are exposed. 

[0072] Examples of rare earth metals that exhibit catalytic activity include, but are not 
limited to, lanthanum and cerium. These may be used alone, in various combinations 
with each other, or in combinations with other elements, such as base transition metals, 
noble metals, alkali metals, alkaline earth metals, or non-metals. 
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[0073] Examples of non-metals include, but are not limited to, phosphorus, oxygen, 
sulfur and halides, such as cholorine, bromine and fluorine. These are typically 
included as functionalizing agents for one or more metals, such as those listed above. 
[0074] The preferred catalytically active component will depend on the specific 
application. For example, one advantageous use of the catalyst of this invention is the 
direct synthesis of hydrogen peroxide from hydrogen and oxygen, either as a product or 
as a chemical intermediate in the synthesis of other chemical products. In this 
application, the preferred catalyst active component is palladium, either alone or in 
combination with other metals (e.g., platinum). 

[0075] Another useful application of the invention is catalytic hydrogenation, in which 
a preferred primary active component is platinum, palladium, nickel, cobalt, copper or 
iron, either alone or in combination with each other and/or other components. 
[0076] Another useful application of the invention is catalytic reforming, in which the 
preferred catalytic active component is platinum, which may be used alone or in 
combination with other components. Platinum is also a preferred primary active 
component when the subject catalyst is used as the cathode and/or anode catalyst in a 
fuel cell, such as a polymer electrolyte membrane (PEM) or a direct methanol fuel cell 
(DMFC). 

[0077] When added to an appropriate solvent or carrier to form an intermediate 
precursor composition, the catalyst atoms will typically be in ionic form so as to more 
readily dissolve or disperse within the solvent or carrier. In the case of a metallic 
catalyst, the catalyst atoms may be in the form of a metal halide, nitrate or other 
appropriate salt that is readily soluble in the solvent or carrier, e.g., metal phosphates, 
sulfates, tungstates, acetates, citrates, or glycolates. 
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2. Control Agents 
[0078] In order to achieve the highly controlled specificity of catalyst formation, a 
control agent or templating agent is selected to promote the formation of catalyst 
crystals or particles in which a preponderance of the top or outer layer atoms have a 
coordination number of 2. Through use of one or more specific control agents, the 
present invention provides a means to control the process whereby the catalytic particles 
are formed, ensuring that these particles predominantly expose a desired crystal face. 
[0079] Control or templating agents within the scope of the invention include a variety 
of polymer, oligomer or organic compounds, comprising individual molecules, that 
mediate in the formation of the dispersed catalyst particles. The control agent 
molecules include a plurality of functional groups disposed along a backbone that are 
able to form a complex between the catalyst atoms and the control agent. When 
catalytic particles are formed from the intermediate catalyst complex, the structure, 
conformation, or other properties of the control or templating agent cause formation of 
the catalyst particles to proceed in a controlled fashion, favoring the formation of 
controlled coordination structures. 

[0080] In general, useful control agents include polymers, oligomers, and organic 
compounds that can form catalyst complexes within an intermediate precursor 
composition that includes the control agent, catalyst atoms, an appropriate solvent or 
carrier, and optional promoters or support materials. The control agent is able to 
interact and complex with catalyst atoms dissolved or dispersed within an appropriate 
solvent or carrier through various mechanisms, including ionic bonding, covalent 
bonding, van der Waals interaction, or hydrogen bonding. In order to do this, the 
control agent includes one or more appropriate functional groups. 
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[0081] In one embodiment, the functional groups comprise a carbon atom bonded to at 
least one electron-rich atom that is more electronegative than the carbon atom and that 
is able to donate one or more electrons so as to form a bond or attraction with a catalyst 
atom. Preferred control agents include functional groups which have either a negative 
charge or one or more lone pairs of electrons that can be used to complex a catalyst 
atom. This allows the control agent to have a strong binding interaction with dissolved 
catalyst atoms, which are preferably in the form of positively charged ions in solution. 
[0082] In one embodiment, the functional groups of the control agent comprise 
carboxyl groups along the backbone of the control agent molecules, either alone or in 
combination with other types of functional groups. In other embodiments, the 
functional groups may include one or more of hydroxyl, ester, ketone, aldehyde, amine, 
or amide groups, and combinations thereof. 

[0083] Control agents according to the invention are advantageously organic polymers, 
oligomers or compounds; however, the control agent may be an inorganic compound 
(e.g., silicon-based). The control agent may be a natural or synthetic compound. In the 
case where the catalyst atoms are metals and the control agent is an organic compound, 
the catalyst complex so formed is an organometallic complex. 

[0084] Preferred control agents include a variety of oligomers and polymers. In the 

pq 3 < g % x 

6 § h £ B I case where the control agent is an oligomer or polymer, the molecular weight, measured 

5 g I S S o i n number average, is preferably in a range from about 300 to about 15,000 Daltons, 
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g < §§^ more preferably in a range of about 600 to about 6000 Daltons. However, it is 
recognized that even high molecular weight polymers, i.e., greater than 15,000, can be 
used as the control agent if they are readily soluble in solvents, carriers or vehicles 
compatible with the catalyst atoms and able to form an organometallic complex. 
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[0085] The molecular weight may be selected to yield a control agent polymer, 
oligomer or molecule having a desired number of functional groups. In general, the 
number of functional groups may range from 4 to 200, preferably from about 8 to about 
80 functional groups, and more preferably from about 10 to about 20 functional groups. 
In many cases, the number of functional groups within a polymer or oligomer at least 
approximately corresponds to the number of repeating units. As stated elsewhere, it 
may be possible to reduce or minimize branching by selecting a control polymer or 
oligomer having fewer repeating units, e.g, fewer than 20. 

[0086] Suitable polymers and oligomers within the scope of the invention include, but 
are not limited to, poly aery lates, polyvinylbenzoates, polyvinyl sulfate, polyvinyl 
sulfonates including sulfonated styrene, polybisphenol carbonates, polybenzimidizoles, 
polypyridine, sulfonated polyethylene terephthalate. Other suitable polymers include 
polyvinyl alcohol, polyethylene glycol, polypropylene glycol, and the like. 
[0087] In the intermediate catalyst complex, the catalyst atoms, more precisely ions of 
the catalyst atoms, are in an arranged formation corresponding to the functional groups 
located on the polymer, oligomer or molecular backbones. For example, as illustrated 
in Figure 4, the catalyst atoms may be complexed on one side to a first polymer or 
oligomer chain, more particularly by the functional groups along the length of the 
control agent molecule, and on a second side by a second polymer chain. In this way 
the catalyst atoms can be considered to be disposed in a controlled arrangement 
corresponding to the functional groups along the backbones of the first and second 
control agent molecules while in solution or a colloidal suspension even before they are 
deposited or bonded to a support. 
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[0088] It may be advantageous to provide an excess of the control agent so as to 
provide an excess of functional groups relative to the number of catalyst atoms. 
Including an excess of functional groups helps ensure that all or substantially all of the 
catalyst atoms are complexed by the control agent, which is particularly beneficial in 
case where the catalyst material is expensive, such as in the case of noble metals. 
Providing an excess of control agent also helps ensure the availability of functional 
groups for bonding the catalyst complex to the support. It is also believed that 
employing an excess of functional groups helps yield a supported catalyst in which the 
catalyst particles are more evenly dispersed. Excess control agent molecules are 
believed to intervene and maintain spacing between control agent molecules that form 
the catalyst complex in order to better distribute the individual catalyst complex clusters 
over the support surface rather than allowing them to clump or agglomerate together. 
[0089] It has now been found that the tendency to form catalyst particles having a 
coordination number of 2 on the surface is related to the percentage of straight-chained 
control agent molecules relative to branched molecules. Increasing the concentration of 
straight-chained molecules increases the likelihood of forming catalyst crystals or 
particles that have a coordination number of 2 on the top or outer layer of catalyst 
atoms. This, in turn, increases the specificity of the desired catalytic reaction. 
[0090] The term "straight-chained" denotes a polymer, oligomer, or organic compound 
that includes a backbone that does not have any branch points. Thus, it is in reference 
to the backbone that determines whether a particular control agent molecule is straight- 
chained or not. If the backbone of a control agent molecule is linear without any branch 
points, the molecule is "straight-chained". If the backbone includes branch points such 
that the backbone is not linear but is branched, the molecule is "branched". 
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[0091] The term "backbone" denotes the portion of the control agent molecule to 
which functional groups that are useful in complexing catalyst atoms are attached. 
Backbones that include stray groups or chains to which no complexing functional 
groups are attached may therefore still be considered to be straight-chained. Thus, it 
may be more precise to determine whether a particular polymer, oligomer or organic 
compound is straight-chained or branched by determining the arrangement of functional 
groups along the backbone rather than merely determining whether the backbone 
includes branch points. 

[0092] In view of the foregoing, typical control agents according to the invention are 
those in which at least about 50% of the control agent molecules are straight-chained. 
Preferably, at least about 60% of the control agent molecules are straight-chained, more 
preferably at least about 75% of the control agent molecules are straight-chained, even 
more preferably at least about 90% of the control agent molecules are straight-chained, 
and most preferably, at least about 95% of the control agent molecules are straight- 
chained. The tendency of the control agent to yield catalyst particles in which the top or 
outer layer of catalyst atoms have a coordination number of 2 is maximized where about 
100% of the control agent molecules are straight-chained. 

[0093] As a corollary to the foregoing, the control agent generally includes less than 
about 50% branched molecules, preferably less than about 40% branched molecules, 
more preferably less than about 25% branched molecules, even more preferably less 
than about 10% branched molecules, and most preferably less than about 5% branched 
molecules . The tendency of the control agent to yield catalyst particles in which the 
top or outer layer of catalyst atoms have a coordination number of 2 is maximized 
where about 0% of the molecules are branched. 
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[0094] In some cases, the tendency of a polymer, oligomer or organic molecule to be 
branched decreases with decreasing molecular weight, more specifically, with a 
decreased number of repeating units. Thus, reducing the molecular weight, or more 
precisedly the number of repeating units, of a polymer, oligomer or organic molecule 
increases its tendency to be straight-chained. An example of a control polymer or 
oligomer that is more straight-chained with reduced molecular weight (i.e., fewer 
repeating units) is polyacrylic acid. Decreasing the molecular weight of polyacrylic 
acid decreases the number of repeating units, which, in turn statistically reduces the 
likelihood that a particular polyacrylic acid polymer or oligomer molecule will be 
branched. 

[0095] For example, polyacrylic acid having a molecular weight of 1200, which has 
approximately 16 repeating units and yields catalyst particles having surface diameter 
of about 3-5 nm, is believed to have minimal branching. Based on current data, it is 
believed that at least about 80-90% of the molecules comprising polyacrylic acid having 
a molecular weight of 1200 are straight-chained. This is consistent with teachings 
relating to polymer branching found within Hiemenz, Polymer Chemistry: The Basic 
Concepts (1984), p. 394, which states that, for high conversions of polyethylene, "side 
chains may occur as often as once every 15 backbone repeat units on the average." 
Thus, at least with respect to polyethylene and similar polymers, oligomers having 
fewer than 15 units might be expected to be entirely straight-chained with no branch 
points. Hence, polyacrylic acid oligomers of 16 units would be expected to have only 
small incidence of branching, if any, particularly if reaction conditions are more 
carefully controlled to reduce the incidence of branching. 
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[0096] Once it is understood that increasing the concentration of straight-chained 
control agent molecules increases the likelihood of forming a catalyst particle in which 
the top or outer layer of catalyst atoms have a coordination number of 2, one of skill in 
the art will be able to select an appropriate control agent having an appropriate 
concentration of straight-chained versus branched control agent molecules. Thus, even 
larger molecular weight polymers may be carefully engineered to have straight chains 
and thus may have usefulness in the compositions and methods of the present invention. 
Most of the structural aspects of the catalytic particles such as their size, shape, 
formation, and dispersion can be designed based on selecting one or more control 
agents or templating agents having a particular size and/or percentage of straight 
molecules versus branched molecules. 

[0097] In addition to the characteristics of the control agent, a second factor which can 
control the selective formation of the desired controlled coordination structures of the 
invention is the molar ratio of the control agent to the catalyst atoms in the intermediate 
precursor composition. It is within the scope of the invention to include a molar ratio of 
control agent molecules to catalyst atoms in a range of about 1:0.1 to about 1:10. 
Preferably, the molar ratio of control agent molecules to catalyst atoms is in a range of 
about 1:0.2 to about 1:5. 

[0098] In some cases, a more useful measurement is the molar ratio between control 
agent functional groups and catalyst atoms. For example, in the case of a divalent 
catalyst metal ion, such as Pd , two molar equivalents of a monovalent functional 
group, such as carboxylate ion, would be necessary to provide the theoretical 
stoichiometric ratio. It may be desirable to provide an excess of control agent 
functional groups to (1) ensure that all or substantially all of the catalyst atoms are 
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complexed, (2) bond the catalyst complex to the support, and (3) help keep the catalyst 
particles segregated so that they do not clump or agglomerate together. In general, it 
will be preferable to include a molar ratio of control agent functional groups to catalyst 
atoms in a range of about 0.5:1 to about 40:1, more preferably in a range of about 1:1 to 
about 35:1, and most preferably in a range of about 3 : 1 to about 30:1. 
[0099] It is believed that the foregoing ratios play a factor because the number of 
control agent molecules that surround each catalyst atom determines the rate and 
orientation in which the catalyst particles are formed. It should be noted that the most 
preferred ratio of control agent to catalyst atoms will depend on the type of control 
agent used, the type of catalyst atoms used, and the molecular weight of the control 
agent. For control agents with higher molecular weights, a lower ratio of control agent 
to catalytic component is generally preferred, compared to cases where control agents 
have lower molecular weights. It is believed that this derives from the fact that control 
agents will often have multiple points of interaction and complex formation with 
dissolved catalyst components. Therefore, a higher molecular weight control agent with 
more functional groups along the backbone of the control agent molecules can complex 
with more catalyst atoms, and a lower molar ratio of control agent to catalyst 
component is preferred. The converse is true for a control agent with a lower molecular 
weight, where a higher molar ratio of control agent to catalyst component will therefore 
be preferred. 

[0100] When a support material is added to an intermediate precursor composition, the 
control agent acts to uniformly disperse the complexed catalyst atoms onto the support 
material. Because the catalyst atoms are dispersed, the particles resulting from the 
coalescing of the catalyst atoms are also uniformly dispersed because the particles will 
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form in the most thermodynamically stable formations. This results in a more active 
catalyst since uniformly dispersing the catalytic particles allows more reactive sites to 
be exposed. 

[0101] Finally, depending on how the supported catalyst is formed, another aspect of 
the control or templating agent is that it may act to anchor the catalyst particles to the 
support. That is, during and after formation of the catalyst particles, the control agent 
may act as an anchoring agent to secure the particle to the substrate material. 
Preferably, the substrate has a plurality of hydroxyl or other functional groups on the 
surface thereof which are able to chemically bond to one or more functional groups of 
the control agent, such as by a condensation reaction. One or more additional 
functional groups of the control agent are also bonded to one or more atoms within the 
catalyst particle, thereby anchoring the catalyst particle to the substrate. Chemically 
bonding the catalyst particle to the substrate surface through the control agent helps to 
keep the catalyst active over time by reducing the tendency of the catalyst particles to 
agglomerate. 

B. Solvents and Carriers 
[0102] A solvent or carrier may be used as a vehicle for the catalyst atoms (typically in 
the form of an ionic salt) and/or the control agent. The solvent used to make inventive 
precursor compositions may be an organic solvent, water or a combination thereof. 
Preferred solvents are liquids with sufficient polarity to dissolve the metal salts which 
are preferred means of introducing the catalytic components to the precursor solution. 
These preferred solvents include water, methanol, ethanol, normal and isopropanol, 
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acetonitrile, acetone, tetrahydrofuran, ethylene glycol, dimethylformamide, 
dimethylsulfoxide, methylene chloride, and the like, including mixtures thereof. 
(0103] The solvent for the precursor solution may be neat solvent, but it is preferable to 
use an acidic solution, as acids aid in the dissolution of the precursor compounds. The 
solution may be acidified with any suitable acid, including organic and inorganic acids. 
Preferred acids are mineral acids such as sulfuric, phosphoric, hydrochloric, and the 
like, or combinations thereof. While it is possible to use an acid in a wide range of 
concentrations in the precursor solution, it is generally only necessary to use relatively 
dilute solutions to accomplish the desired solubility enhancement. Moreover, 
concentrated acid solutions may present added hazard and expense. Thus, dilute acid 
solutions are currently preferred. 
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C. Supports and Support Materials 
[0104] The catalyst particles of the invention may be dispersed without a solid support 
material. For example, they may be dispersed in a solution, suspension, slurry, 
emulsion, or other liquid medium. The catalyst particles may also be isolated, for 
example as a fine powder. However, growing the catalyst particles on a support appears 
to greatly improve the ability to obtain catalyst particles having the desired controlled 

8 i h £ h g coordination structure. Without the support, it may not be possible to form catalyst 

C g < b k . 

< 2 1 § ° S particles and then expose the desired crystal face to yield the desired face exposition. 

S 2 s 5 [0105] Accordingly, the preferred mode of the invention is for the catalyst particles to 
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be deposited on and supported by a solid support material. Because the term 
"intermediate precursor composition" may include whatever components are present 
prior to formation of the final supported reactive catalyst, it may also include the 
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support. Once a portion of the control agent has been removed to expose a portion of 
the catalyst particles so as to make them catalytically active, the support then becomes 
part of the final supported active catalyst. 

[0106] The solid support material may, preferably, be a particle itself or the solid 
support may be an essentially continuous solid surface such as a film, fiber or rod. The 
solid support material may be organic or inorganic. It may be chemically inert in the 
chemical reaction environment or the solid support itself may serve a catalytic function 
complementary to the function of the catalyst particles of the present invention. The 
support material may also play a chemical role in the catalysis process, for example by 
modifying the structural, electronic, or chemical properties of the dispersed catalytic 
particles, or by contributing additional catalytically active sites which directly 
participate in the overall catalytic process. 

[0107] The use of a larger quantity of a solid material to serve as a support for a lesser 
quantity of dispersed catalytic particles is a common strategy in catalysis and affords a 
number of known advantages. These advantages include, but are not limited to, more 
efficient and economical use of the catalytic active component, greater stability of small 
catalytic particles, and separation and spacing of the catalytic particles to prevent inter- 
particle effects. 

[0108] Any solid support material known to those skilled in the art as useful catalytic 
supports may be used as supports for the dispersed controlled coordination structure 
catalytic particles of this invention. These supports may be in a variety of physical 
forms. They may be either porous or non-porous. They may be 3-dimensional 
structures such as a powder, granule, tablet, extrudates, or other 3-dimensional 
structure. Other 3-dimensional structures include so-called "structured" materials, such 
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as structured packing, which may be in the form of numerous individual pieces of 
controlled shape such as rings, saddles, or other shapes, or may be in the form of larger 
structures, examples of which include structured packings commonly used for 
distillation and other phase contacting equipment which involve the use of regular 
geometric arrangements of convoluted surfaces. Supports may also be in the form of 
mainly spherical particles (i.e., beads). Supports may also be in the form of 2- 
dimensional structures such as films, membranes, coatings, or other mainly 2- 
dimensional structures. 

[0109] A variety of material components, alone or in combination, can comprise the 
support. One important class of support materials which is preferred for some 
applications is porous inorganic materials. These include, but are not limited to, 
alumina, silica, titania, kieselguhr, diatomaceous earth, bentonite, clay, zirconia, 
magnesia, as well as the oxides of various other metals, alone or in combination. They 
also include the class of porous solids collectively known as zeolites, natural or 
synthetic, which have ordered porous structures. 

[0110] Another useful class of supports preferred for some applications include carbon- 
based materials, such as carbon black, activated carbon, graphite, fluoridated carbon, 
^ 2 and the like. 

9§h£S| [0111] Another useful class of support materials include organic solids, such as 
< 2 2 § 2 a polymers. These can include polymer membranes such as those used for the electrodes 

g£ 2^ of fuel cells. They can also include polymeric or resinous beads, such as those 
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commonly used as ion exchange resins and polymeric adsorbents. 

[0112] Another useful class of support materials include metals and metal alloys. 
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[0113] In the case when the catalyst particles of the subject invention are attached to a 
support as part of a final supported reactive catalyst, the catalyst particles may be 
deposited in a wide range of loadings on the support material, ranging from 0.01% to 
75% by weight of the total weight of the supported reactive catalyst, with a preferred 
range of 0.1% to 25% by total weight of the supported reactive catalyst. However, 
when the primary catalytic component of the dispersed particles comprises one or more 
noble metals, it is preferred that the loading of noble metal be relatively low so as to 
economize the expensive active metal and prevent interparticle interactions, 
agglomeration, sintering, and other undesirable phenomena. In these cases the preferred 
catalyst load will be within a range from about 0.01% to about 10% by weight of the 
supported reactive catalyst, more preferably in a range of about 0.1% to about 5% by 
weight of the supported reactive catalyst. It should be noted that even when noble 
metals are used, other components may also be added to the catalyst particles, and may 
be added at higher loadings, such that the total weight of catalyst particles can comprise 
as much as 75% of the total weight of the supported reactive catalyst. 
[0114] In the case where porous solids are used as the support material, it is preferred 
that the surface area of the support be at least 20 m 2 /g, and more preferably more than 
50 m 2 /g. 

III. METHODS OF MAKING SUPPORTED REACTIVE CATALYSTS 

HAVING A CONTROLLED COORDINATION STRUCTURE 
[0115] The process for manufacturing supported reactive catalysts having a controlled 
coordination structure can be broadly summarized as follows. First, one or more types 
of catalyst atoms and one or more types of control agents are selected. Second, the 
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catalyst atoms and control agent are reacted or combined together to form a catalyst 
complex, generally by first dissolving the catalyst atoms and control agent in an 
appropriate solvent or carrier in the form of ionic salts and then allowing the salts to 
recombine as the catalyst complex so as to form a solution or colloidal suspension. 
Third, the catalyst complex is applied to a support material to form an intermediate 
supported catalyst complex. Fourth, a portion of the control agent is removed to expose 
at least the top or outer layer of catalyst atoms so as to form active catalyst particles, 
while a portion of the control agent remains at the interface between the support and 
catalyst particles to assist in anchoring the catalyst particles to the support. At some 
point along the way, the control agent may form a chemical bond with the support. 
[0116] An exemplary catalyst complex between a catalyst metal (i.e., palladium) and a 
control agent is schematically illustrated in Figure 4. Removing a portion of the control 
agent yields a catalyst particle that may be chemically anchored to the support material 
by the remaining portion of the control agent, as schematically illustrated in Figure 5. 
As shown therein, a supported catalyst 10 includes a support 12, which initially includes 
hydroxyl groups on a surface thereof, an anchoring agent 14 chemically bonded to the 
hydroxyl groups of the support 12 by a condensation reaction, and a catalyst particle 16 
bonded or attached in some manner (not shown) to the anchoring agent. When the 
control agent is removed by hydrogenation or other processes disclosed below, it is 
theorized that the catalyst atoms collapse or coalesce together to form structured 
crystals or particles. 

[0117] In view of the foregoing, it is apparent that every step before the final supported 
reactive catalyst is formed involves the formation or use of an intermediate precursor 
composition in one form or another. In one aspect of the invention, the "intermediate 
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precursor composition" may be considered to be the catalyst complex comprising the 
catalyst atoms and control agent, exclusive of the surrounding solvent or carrier. 
Indeed, it is within the scope of the invention to create a catalyst complex in solution, or 
as a colloid or suspension, and then remove the solvent or carrier so as to yield a dried 
catalyst complex that can be later added to an appropriate solvent or carrier to 
reconstitute a solution or colloidal suspension containing the catalyst complex. Thus, in 
another aspect of the invention, an "intermediate precursor composition" according to 
the invention may include one or more different solvents or carriers into which the 
catalyst complex may be dispersed. The catalyst complex may be applied, or even 
bonded, to a support prior to removing a portion of the control agent so as to expose a 
portion of the catalyst atoms to reveal the desired controlled coordination structure. 
Thus, an "intermediate precursor composition" according to the invention may include 
the catalyst complex and a support, with or without a solvent or carrier. Accordingly, 
any composition that includes a catalyst complex comprising catalyst atoms complexed 
with a control agent in an ordered array (as schematically illustrated in Figure 4) may be 
considered to comprise an "intermediate precursor composition". 
[0118] Exemplary methods for making catalysts according to the invention include 
providing one or more types of catalyst atoms in solution (e.g., in the form of an ionic 
salt), providing a control agent in solution (e.g., in the form of a carboxylic acid salt), 
and reacting the catalyst atoms with the control agent to form a precursor composition 
comprising a complex of the catalytic component and the control agent. The fine 
dispersion of the catalytic component within an appropriate solvent or carrier by the 
control agent may be colloidal. 
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[0119] The catalyst atoms can be provided in any form so as to be soluble or dispersible 
in the solvent or carrier that is used to form the catalyst complex. In the case where the 
catalyst atoms comprise one or more metals, salts of these metals can be formed that are 
readily soluble in the solvent or carrier. In the case where the catalyst atoms include 
noble metals, it is advantageous to use noble metal chlorides and nitrates, since 
chlorides and nitrate of noble metals are more readily soluble than other salts. 
Chlorides and nitrates of other metal catalyst atoms, such as base transition metals and 
rare earth metals may likewise be used since chlorides and nitrates are typically more 
soluble than other types of salts. 

[0120] These catalyst atoms can be added to the solvent or carrier singly or in 
combination to provide final catalyst particles that comprise mixtures of various types 
of catalyst atoms. For example, a bimetallic palladium/platinum catalyst can be formed 
by first forming a precursor solution in which is dissolved a palladium salt, such as 
palladium chloride, and a platinum salt, such as chloroplatinic acid. In general, the 
composition of the final catalyst will be determined by the types of catalyst atoms added 
to the precursor solution. Therefore, control of the amounts of precursor salts added to 
the solution provides a convenient method to control the relative concentrations of 
different types of catalyst atoms in the final catalyst particles. 

[0121] The control agent is added to the solvent or carrier in a manner so as to facilitate 
association with the catalyst atoms in order to form the catalyst complex. Some control 
agents may themselves be soluble in the solvent or carrier. In the case of control agents 
that include carboxylic acid groups, it may be advantageous to form a metal salt of the 
acids (e.g., an alkali or alkaline earth metal salt). For example, polyacrylic acid can be 
provided as a sodium polyacrylate salt, which is both readily soluble in aqueous solvent 
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systems and able to react with catalyst metal salts to form a catalyst metal-polyacrylate 
complex, which may be soluble or which may form a colloidal suspension within the 
solvent or carrier. 

[0122] One aspect of the invention is that very small catalytic particles can be 
controllably formed (e.g., less than about 100 run, preferably less than about 10 nm, 
more preferably less than 6 nm, and most preferably less than 4 nm). The inventors 
believe that the use of an excess quantity of the control agent plays a factor in 
determining the size of the resulting catalyst particles. 

[0123] In the case where the catalyst particles of the invention are to be formed on a 
solid support material, the intermediate precursor composition comprising the catalyst 
complex between the catalyst atoms and control agent is physically contacted with the 
solid support. Contacting the catalyst complex with the solid support is typically 
accomplished by means of an appropriate solvent or carrier within the intermediate 
precursor composition in order to apply or impregnate the catalyst complex onto the 
support surface. 

[0124] Depending on the physical form of the solid support, the process of contacting 
or applying the catalyst complex to the support may be accomplished by a variety of 
methods. For example, the support may be submerged or dipped into a solution or 
suspension comprising a solvent or carrier and the catalyst complex. Alternatively, the 
solution or suspension may be sprayed, poured, painted, or otherwise applied to the 
support. Thereafter, the solvent or carrier is removed, optionally in connection with a 
reaction step that causes the control agent to become chemically bonded or adhered to 
the support. This yields a supported catalyst complex in which the active catalyst atoms 
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are arranged in a desired fashion, both in terms of their special orientation resulting 
from the control agent and the arrangement of the control agent on the support. 
[0125] In order to expose at least a portion of catalyst atoms and yield an active 
supported catalyst, a portion of the control agent is removed, such as by reduction (e.g., 
hydrogenation) or oxidation. Hydrogen is the preferred reducing agent. Instead of or in 
addition to using hydrogen as the reducing agent, a variety of other reducing agents may 
be used, including lithium aluminum hydride, sodium hydride, sodium borohydride, 
sodium bisulfite, sodium thiosulfate, hydroquinone, methanol, and aldehydes, and the 
like. The reduction process may be conducted at a temperature between 20°C and 
500°C, and preferably between 100°C and 400°C. It should be pointed out that 
oxidation is more suitable when the catalyst atoms do not include noble metals, since 
noble metal catalysts might catalyze the oxidation of the entire control agent, leaving 
none for anchoring. Oxidation is more suitable (e.g., at a maximum temperature of 
150°C), for example, in the case where the catalyst atoms comprise transition metals 
and the support is non-combustible (e.g., silica or alumina rather than carbon black, 
graphite or polymer membranes). 

[0126] While not to be construed as limiting the scope of the invention, the following 
O § * = explanation can be offered for the usefulness of the reduction step. It is believed that as 

£j | h w S g the catalyst particle is forming, much of the active surface of the catalyst particles is 
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g S § s a surface structure, revealing the desired controlled coordination structure of the catalyst 
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particles. This step may remove the control agent molecules, or relocate or reorient 
those molecules on the catalyst surface, or some combination thereof. 
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[0127] The process of removing the control agent to expose the catalyst atoms is 
carefully controlled to ensure that enough of the control agent remains so as to reliably 
anchor the catalyst particles to the support. Thus, at least that portion of the control 
agent interposed between the support and the bottom surface of the catalyst particles 
facing the support is advantageously left intact. It is theorized that during removal of 
the control agent (by hydro genation/reduction, reflux/boiling, or other process), the 
control agent on the outer surfaces of the catalyst particle is more easily removed than 
the control agent bonded between the support and the catalyst particle. Thus, the 
remaining control agent disposed between the support and the catalytic particle acts to 
anchor the catalytic particle to the support. This results in catalyst particles that have 
enhanced stability with respect to surface migration, agglomeration, and sintering. On 
the other hand, removing the control agent to the extent that little or none of it remains 
to anchor the catalyst particles to the support has been found to reduce the long-term 
stability of the supported catalyst. 

[0128] The resulting supported reactive catalyst can be optionally heat-treated to further 
activate the catalyst. It has been found that, in some cases, subjecting the supported 
reactive catalyst to a heat treatment process before initially using the supported catalyst 
causes the catalyst to be more active initially. The step of heat treating the supported 
catalyst may be referred to as "calcining" because it may act to volatilize certain 
components within the supported catalyst. However, it is not carried out at 
temperatures high enough to char or destroy the anchoring agent. The heat treatment 
process may be carried in inert, oxidizing, or reducing atmospheres, but preferably in an 
inert atmosphere. Where the supported catalyst is subjected to a heat treatment process, 
the process is preferably carried out at a temperature in a range of about 50°C to about 
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300°C, more preferably in a range of about 100°C to about 250°C, and most preferably 
in a range of about 125°C to about 200X. The duration of the heat treatment process is 
preferably in a range of about 30 minutes to about 12 hours, more preferably in a range 
of about 1 hour to about 5 hours. 

[0129] As discussed above, the providing a catalyst having a controlled coordination 
number of 2 for atoms on the top or outer layer of reactive catalyst atoms is useful for a 
variety of chemical processes. One of these involves the direct reaction of hydrogen 
and oxygen to form hydrogen peroxide. Accordingly, this aspect of the invention is 
further described with the aid of the following examples, which should not be construed 
as limiting the scope of the invention. 

Example 1 

Preparation ofPd/Pt Controlled Coordination Catalyst on Carbon Support 
[0130] This example describes the preparation of a noble metal catalyst on a carbon 
support having a top or outer layer of noble metal atoms with controlled coordination of 
2. The active noble metal constituent included a mixture of palladium and platinum. 
The catalyst support was carbon black. 
§ , = [0131] A first solution was prepared by dissolving 1.333 g of palladium chloride in 
Spill 1000 ml of an acidic aqueous solution that included 0.15% hydrochloric acid. A second 
§ |i| | solution was prepared by dissolving 15 g of a 45% sodium polyacrylate solution in 100 
PlH ml of water. The sodium polyacrylate had a molecular weight of 1200. This batch of 
sodium polyacrylate was believed to include about 80-90% straight-chained molecules. 
A third solution was then prepared by dissolving 0.2614 g of platinum chloride in 1000 
ml of water. Thereafter, 300 ml of the first solution, 40 ml of the second solution, and 
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48 ml of the third solution were mixed together. The combined solution was then 
diluted up to a total volume of 4000 ml with water. 

[0132] The diluted combined solution was then purged with a continuous flow of 
nitrogen for 1 hour, and then reduced by a continuous flow of hydrogen for 20 minutes. 
The combined solution mixture was designated the "catalyst precursor solution". 
[0133] The catalyst precursor solution was then mixed with 24 g of carbon black having 
a surface area of 200 m 2 /g. The precursor solution/carbon black mixture was mixed for 
17 hours to ensure thorough impregnation of the support by the catalyst precursor 
solution. The impregnated carbon black was then dried overnight to yield an 
intermediate precursor composition comprising a catalyst complex of palladium, 
platinum and polyacrylate applied to the carbon black support. 

[0134] After drying, the intermediate precursor composition was reduced under a 
continuous hydrogen flow at 300°C for 17 hours. After this process was complete, an 
active controlled coordination catalyst was obtained that is an example of a reactive 
supported catalyst according to the invention. The reactive supported catalyst had a 
noble metal loading of 0.7 wt%. 

[0135] The presence of the desired controlled coordination structure was established by 
use of high resolution transmission electron microscopy, as shown in Figure 6. In this 
micrograph, the carbon support material is visible as the lighter colored matrix, while 
the noble metal crystallites are visible as darker colored spots. The low magnification 
panels show a uniform dispersion of small (< 5 nm) noble metal crystallites. While a 
lack of contrast between support and noble metal particles somewhat hinders the 
interpretation of the image, the controlled coordination structure is evident in the 
magnified image of a single noble metal particle shown in the upper left panel of Figure 
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6. A series of lines visible on the surface of the particle are at atomic dimensions, and 
represent a direct image of the atomic structure of the surface. The structure is direct 
evidence of surface atoms that are coordinated with only two nearest neighbor top or 
outer layer atoms. All other top or outer layer atoms are at greater spacing. 
[0136] Testing of the supported catalyst, including IR spectroscopy, indicated that some 
of the control agent appeared to remain even after the reduction step. In particular, IR 
spectroscopy showed that a substantial portion of the hydroxyl groups originally present 
on the support were no longer present, suggesting that they had reacted with the control 
agent. IR spectroscopy also indicated the presence of C-H groups, suggesting that a 
portion of the control agent remained after hydrogenation. The fact that the catalyst 
particles were much less mobile compared to supported catalysts that did not include 
any control agent suggested that the remaining control agent acted to anchor the catalyst 
particles to the support. 



Example 2 

Preparation of Pd/Pt Controlled Coordination Catalyst on TS-1 Support 
[0137] This example describes the preparation of a noble metal catalyst on a zeolitic 
support having top or outer layer noble metal atoms with controlled coordination of 2. 
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in 5 P I The active noble metal constituent included a mixture of palladium and platinum. The 
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[0138] A first solution was prepared by dissolving 1.3339 g of palladium chloride in 
1000 ml of an acidic aqueous solution that included 0.15% hydrochloric acid. A second 
solution was prepared by dissolving 15 g of a 45% sodium polyacrylate solution in 100 
ml of water. The sodium polyacrylate had a molecular weight of 1200. A third solution 
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was then prepared by dissolving 0.2614 g of platinum chloride in 1000 ml of water. 
Thereafter, 75 ml of the first solution, 10 ml of the second solution, and 12 ml of the 
third solution were mixed together. The combined solution was then diluted with water 
up to a total volume of 500 ml. 

[0139] The diluted combined solution was then purged with a continuous flow of 
nitrogen for 1 hour, and then reduced by a continuous flow of hydrogen for 20 minutes 
to form the catalyst precursor solution. 

[0140] The catalyst precursor solution was then mixed with 6 g of titanium silicalite-1 
(TS-1) having a surface area of 370 m 2 /g. The precursor solution/TS-1 mixture was 
mixed for 17 hours to ensure thorough impregnation of the support by the precursor 
solution. The impregnated TS-1 was then dried overnight. After drying, the 
impregnated TS-1 was reduced under continuous hydrogen flow at 300°C for 17 hours. 
After reduction, an active controlled coordination catalyst was obtained with a noble 
metal loading of 0.8 wt%. 

[0141] Again, the presence of the desired controlled coordination surface structure was 
confirmed by use of high resolution transmission electron microscopy. In a TEM image 
shown in Figure 7, the noble metal particles are readily visible as darker patches against 
the lighter support background. Somewhat better imaging contrast is achieved 
compared to Example 1, so the controlled coordination structure is more easily visible 
in the noble metal particles. The particle surfaces show lines at the atomic scale, 
indicating that individual surface atoms are only coordinated with two adjacent nearest 
neighbor atoms in the top or outer layer. 
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IV. METHODS OF USING SUPPORTED REACTIVE CATALYSTS 

HAVING A CONTROLLED COORDINATION STRUCTURE 
[0142] The supported reactive catalysts disclosed above are useful in various reactions 
including formation of hydrogen peroxide as a raw material or as an intermediate in the 
oxidation of organic molecules, direct oxidation of organic molecules, hydrogenation, 
reduction, dehydrogenation, and, potentially, to make fuel cells, which reactions are 
summarized below. These reactions can be further optimized by optimizing solvents, 
pH, and other reaction conditions. 



A. Hydrogen Peroxide Production. 
[0143] The hydrogen peroxide made using catalysts of this invention can be recovered 
as a product in selectivities of 95% to 100%. Alternately, the hydrogen peroxide 
produced can be used as an intermediate for the production of other chemical products. 
Examples of useful chemical reactions which may be conducted using the hydrogen 
peroxide intermediate are the conversion of olefins such as propylene to epoxides 
including propylene oxide; the conversion of aromatics such as benzene to hydroxylated 
aromatics including phenol; and the conversion of acids such as acetic acid into 

& 

O § * = peracids including peracetic acid. 
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8 § h w S h [0144] The hydrogen peroxide intermediate may be used ex situ or in situ. By ex situ is 
< 2 1 1 ? w meant the case where the hydrogen peroxide intermediate is withdrawn from the 
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fi 2§j hydrogen peroxide synthesis reactor as an intermediate product, and then passed to 
downstream processing steps where it utilized as a reactant in the formation of the 
desired chemical product. By in situ is meant the case where the hydrogen peroxide 
intermediate formed by the catalyst of this invention is converted, immediately upon 
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formation and in the same chemical reactor, in a second chemical reaction to form the 
desired product. This in situ conversion may be accomplished using a second, 
physically separate catalyst for the second step reaction. Alternatively, the second-step 
catalyst may be physically integrated with the catalyst of the invention into a dual- 
functional catalyst by using the second-step catalyst as the substrate for the deposition 
of the dispersed controlled coordination catalyst particles of this invention. In yet 
another alternative, the second step reaction may be non-catalytic. 



Example 3 

Batch Synthesis of Hydrogen Peroxide Using Controlled Coordination Catalyst 
[0145] 0.2 g of supported catalyst prepared according to Example 1 was charged to a 
semi-batch stirred tank reactor with nominal liquid volume of 200 ml. 200 ml of liquid 
solution consisting of water with 1 wt% H2SO4 and 5 ppmw NaBr was also charged to 
the reactor. A gas feed consisting of 3 vol% hydrogen, 20 vol% oxygen, and 77 vol% 
nitrogen was fed continuously to the reactor at a rate of 1000 seem. Unreacted gases 
were continuously withdrawn from the reactor. The reactor was maintained at a 
temperature of 45°C and a pressure of 1400 psig. A mechanical stirrer was used to 
agitate the reaction medium. 
I S g Continuous flow of gas was maintained for a period of 3 hours. At the end of the 3 
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5§|SSu h our run, the gas feed was stopped, and the final liquid removed from the reactor. 
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& § § j-j Based on gas analysis, the overall average hydrogen conversion was found to be 33%. 

Liquid analysis showed a final hydrogen peroxide concentration of 4.8 wt%. The 
hydrogen peroxide selectivity with respect to hydrogen converted was found to be 
100%. 
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Example 4 

Continuous Synthesis of Hydrogen Peroxide Using Controlled Coordination Catalyst 
[0146] 0.837 g of supported catalyst prepared according to Example 1 was charged to a 
continuous stirred tank reactor (CSTR) with nominal liquid volume of 200 ml. A 
liquid solution consisting of methanol with 1 wt% H2SO4 and 5 ppmw NaBr was 
continuously fed to the reactor at a rate of 100 cc/hr. A gas feed consisting of 3 vol% 
hydrogen and 97 vol% oxygen was fed to the reactor at a rate of 5200 seem. The 
reactor was maintained at a temperature of 35°C and a pressure of 1400 psig. A 
mechanical stirrer was used to agitate the reaction medium. An internal filter was 
attached to the reactor outlet connection to allow gas and liquid products to be 
continuously withdrawn from the reactor while maintaining the catalyst within the 
reactor. 

[0147] The reactor was maintained in this continuous operation for a period of 150 
hours. After allowing for an initial lineout period of about 30 hours, a period of steady- 
state operation was observed for a period of 120 hours. During this period, the average 
conversion of hydrogen was found to be 42%. The average selectivity of hydrogen 
peroxide formation, based on hydrogen converted, was found to be 95%. The average 
liquid product hydrogen peroxide concentration was found to be 6.8 wt%. 

Examples 5-12 

Heat Treatment of Supported Catalyst to Increase Catalytic Activity/Selectivity 
[0148] Eight catalyst samples were prepared. The following procedure was common to 
all eight catalysts. A palladium salt solution was prepared by mixing 1.3339 g PdCb 
with 4 ml HC1 and 996 ml de-ionized water. The resulting solution contained 0.0799 
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wt. % (7.511 x 10" 3 M) palladium. A platinum salt solution was prepared by mixing 
0.2614 g H2PtCl6 with 1000 ml de-ionized water. The resulting solution contained 
0.010 wt. % (5.126 x 10 A M) platinum. A templating agent solution was prepared by 
diluting 16 g of 45 wt. % polyacrylic acid solution (MW approximately 1200 Daltons) 
to a total weight of 100 g with de-ionized water. The resulting solution contained 6.75 
wt. % polyacrylic acid. 

[0149] In order to prepare 48 grams of 1% Pd + 0.02% Pt/C catalyst, 600 ml of the 
palladium salt solution was mixed with 96 ml of the platinum salt solution and 80 ml of 
the polyacrylic acid solution. The resulting mixture was diluted to 8000 ml with de- 
ionized water. The diluted solution was purged with lOOml/min N2 for 1 hour. The N2 
was then replaced by lOOml/min H2 for 20 minutes. 48 g of carbon black (BP-700 from 
Cabot) was added to the diluted solution. The resulting mixture was then boiled to 
remove most of the liquid, followed by drying to obtain a dry solid. 
[0150] The dry solid was then reduced as follows: 

1 . Purged with 1 OOml/min N2 for 30 minutes; 

2. Switched to 1 OOml/min H 2 ; 

3. Temperature ramped from 30° C to 90° C over 30 minutes; 

Pi 

O g a = 4. Temperature held at 90° C for 2 hours; 

P S h £ B I 5. Temperature ramped from 90° C to 300° C over 2 hours; 

^ 3 > o 5 £ 

§ 1 1 a S g 6. Temperature held at 300° C for 1 7 hours. 

<i £ E W < < 

2 ^ § 3 5 [0151] Different catalyst samples were then subjected to a heat treatment process under 

O CO 

an inert N2 atmosphere at various temperatures for 3 hours according to the following 
table: 
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Example 


Heat Treatment 


5 


None 


6 


100°C 


7 


125°C 


8 


150°C 


9 


175°C 


10 


200°C 


11 


225°C 


12 


250°C 



[0152] The supported catalysts made according of Examples 5-12 were used to conduct 
a semi-batch synthesis of hydrogen peroxide from hydrogen and oxygen in a stirred 
reactor. For each batch, 75 g of liquid feed mixture was used consisting of water with 
1% H2SO4 and 5 pp, NaBr. 0.25 g of catalyst was added according to the table below. 
The synthesis reaction was conducted at 45°C and 1000 psig with a continuous feed of 
1000 seem of gas containing 3.15% hydrogen in air. The outlet gas was analyzed by 
GC to determine the extent of hydrogen conversion. The reaction was run for 2 hours, 
at which time the feed gas was stopped and the liquid product removed and analyzed for 
hydrogen peroxide content. The results were as follows, where the hydrogen peroxide 
selectivity is calculated as moles of hydrogen peroxide produced per moles of hydrogen 
consumed. 



Example 


H 2 0 2 Cone. 
(wt%) 


Hydrogen 
Conversion (%) 


H 2 0 2 

Selectivity (%) 


5 


0.39% 


12.92% 


41.0% 


6 


2.312% 


38.60% 


86.75% 


7 


2.515% 


39.82% 


90.79% 


8 


2.46% 


40.23% 


89.13% 


9 


2.437% 


39.54% 


91.03% 


10 


2.31% 


38.16% 


88.0% 


11 


2.244% 


36.91% 


88.33% 


12 


1.961% 


33.29% 


84.89% 
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[0153] The foregoing data should not be interpreted to mean that supported catalysts 
according to the invention that are not subjected to a heat treatment lack high 
specificity. In fact, selectivity for non-heat treated catalysts increased over time and 
was high following an initial break-in period. The heat treatment process appears to 
accelerate selectivity, perhaps also increasing it over time. 



pi 
w 

Si 



W H uj < < 



o 



1. Solvent Selection Parameter 
[0154] Another aspect of the invention involves the use of a specific liquid reaction 
medium which preferably contains, at least in part, an organic solvent as defined by a 
Solvent Selection Parameter (SSP) having a value between 0.14 x 10* 4 and 5.0 x 10" 4 . 
More preferred liquid solvents will have an SSP between 0.2 x 10" 4 and 4.0 x 10" 4 . In 
combination with the inventive supported reactive catalysts described herein, the use of 
solvents having an SSP within the above ranges further increases the rate and yield at 
which when hydrogen peroxide (H2O2) is produced from hydrogen and oxygen- 
containing feed gases, even when the hydrogen concentration in the gas phase is 
maintained below about 5.0 vol. %. 

[0155] Although a variety of known organic solvents may be used in the invention, the 
appropriate solvent selection is influenced by various factors, including catalyst 



„ < q 5 EC 

^ I jj g [S I performance enhancement, ease of separating the liquid solvent from the peroxide- 

£ *j £ o B £ 

" ft Z _i co U 



containing liquid product for recycle, ultimate use for the hydrogen peroxide product, 
§p 1 8 ^ and the possibility of side reactions occurring between the solvent and the hydrogen 
peroxide which might form undesirable non-selective products or pose a safety hazard. 
The organic solvent may be used as a pure solvent, or as a mixture with water, with the 
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selection related to similar factors as defined by the preferred SSP. The SSP is defined 
based on the solubility of hydrogen in the solvent, and is specifically defined as follows: 

Solvent Selection Parameter = Z(w, x S,), wherein: 

W/ is the weight fraction of solvent component i in the liquid reaction 

mixture; 

S/ is the solubility of hydrogen in pure component i, expressed as mole 
fraction at standard conditions of 25 °C and 1 atm; and 

the symbol indicates a sum over all of the components that comprise 
the liquid reaction mixture. 



[0156] The SSP is simple to calculate based on hydrogen solubility data that are 
available in the open literature. Although the SSP takes no account of non-linear 
changes in hydrogen solubility that may occur upon mixing different liquids, it has been 
found to be very useful in selection of appropriate organic solvents for the liquid 
medium for the practice of this invention 

[0157] The SSP of the invention has been found to correlate strongly to a key measure 
of process performance, namely the catalyst hydrogen peroxide productivity, which is 

06 

O § * 5 defined as the weight of hydrogen peroxide produced per weight of active noble metal 
H £ S £ S g per hour. For a series of liquid reaction mixtures comprising water, pure organic 
solvent, or mixtures of water and solvent, the SSP was calculated, and the catalyst 

S a o § S a 

M o < <=> W J 

S 2 § s ^ hydrogen peroxide productivities were measured in laboratory catalyst performance 
tests. These data results are shown graphically in Figure 8. 

[0158] As evident in Figure 8, there is a strong linear correlation between the SSP and 
the catalyst hydrogen peroxide productivity, with improved productivity being achieved 
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as the SSP is increased. The comparative benchmark is the use of water alone as the 
liquid reaction medium, which has an SSP of 0.14 x 10" 4 , and gives a catalyst hydrogen 
peroxide productivity of 207 g tbCVg Pd/hr in a performance test. By using different 
solvents or solvent/water mixtures that have higher SSPs, higher productivitiess up to 
about 900 g H2O2 /g Pd/hr can be achieved. These results demonstrate that increased 
hydrogen solubility in the solvent medium is a controlling factor that improves the 
hydrogen peroxide concentration and yield. 

[0159] While Figure 8 shows a generally linear increase in catalyst hydrogen peroxide 
productivity with increases in the SSP, such an increase is not sustained indefinitely. 
An upper limitation has been discovered for appropriate values of the SSP for the 
practice of this invention. This limitation derives from the fact that the preferred 
solvents should be soluble in water, and that the liquid reaction mixture should 
comprise a single liquid phase. 

[0160] Organic solvents with the highest hydrogen solubility are generally those which 
are highly hydrophobic, including widely used solvents like paraffinic hydrocarbons 
such as hexane and the like, and aromatic hydrocarbons such as benzene, toluene, and 
the like. While liquid reaction mixtures comprising all or part of solvents of this type 
have relatively high SSP values, they are not preferred for the practice of this invention 
because they have poor miscibility with water. Hydrogen peroxide is not sufficiently 
soluble in these solvents, thereby hindering the critical step of product desorption from 
the catalyst surface into the surrounding liquid medium. This desorption problem 
causes the hydrogen peroxide product to remain at or near the catalyst surface, where it 
tends to undergo further chemical reaction to form undesired water by-product, 
resulting in poor catalyst hydrogen peroxide productivities. Therefore, for the practice 
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of this invention, the liquid reaction medium should have an SSP value less than 5.0 x 
1 0" 4 , and preferably less than 4.0x1 0' 4 . 

[0161] Useful organic solvents for this invention include oxygen-containing compounds 
such as alcohols, ketones, aldehydes, furans (e.g., THF), ethers, and esters, nitrogen- 
containing compounds such as nitriles, amines, and amides (e.g., DMF), phosphorus 
containing compounds such as organic phosphine oxides (e.g., Cyanex products 
produced by Cytec), hydrocarbons such as aliphatic hydrocarbons and aromatic 
hydrocarbons, and the like, or mixtures thereof Preferred solvents are those which are 
miscible with water and have good solubility for hydrogen peroxide, because it has been 
found in the practice of this invention that a one-phase liquid reaction medium provides 
superior yield results. Furthermore, it is preferred that the solvent has a boiling point 
temperature lower than that of water or hydrogen peroxide. This allows the solvent to 
be recovered from the peroxide-containing product as an overhead stream by a 
distillation step. Such lower boiling temperature relationship avoids the need to distill 
hydrogen peroxide overhead from a heavier solvent, which is a hazardous operation. 
Examples of preferred solvents are light alcohols such as ethanol, methanol, n-propanol 
and isopropanol, light ketones such as acetone, and nitrogen-containing solvents such as 
O § * = acetonitrile and 1 -propylamine. 

Qi^wSe [0162] While the liquid reaction medium may comprise an essentially pure organic 

C 8 < b ffi - 

^ -j > O D f 

<j S I § E w solvent without water, it is preferable to conduct the hydrogen peroxide synthesis in a 
2 £ § 8 £ reaction medium which contains a portion of water. In commercial practice, the solvent 
fed to the catalytic peroxide synthesis reactor will be recovered and recycled back to the 
reactor from a point downstream in the process, and it is preferable to avoid any need to 
purify this solvent to a high degree, but instead to allow a fraction of water to be 
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recycled along with the solvent, which reduces costs for distillation or other separations. 
Also, hydrogen peroxide is typically produced and marketed as an aqueous solution. If 
the purpose of the hydrogen peroxide produced by this process is commercial sale, then 
upon removal and recycle of the organic solvent, the presence of water in the reaction 
mixture will lead to the formation of an aqueous hydrogen peroxide solution which is 
suitable for further processing and commercial use. 



2. Promoters 

[0163] The yield of hydrogen peroxide based on the inventive supported catalysts may 
also be improved by the addition of a suitable promoter to the reaction medium. 
Examples of effective promoters are the halide salts of alkali metals such as sodium 
bromide, sodium chloride, sodium iodide, and the like. By adding a halide salt in an 
amount in the range of 1 ppm to 500 ppm by weight of the liquid reaction medium, and 
preferably 3 ppm to 200 ppm, the hydrogen peroxide yield can be substantially 
improved. 

[0164] Referring to Figure 8, it is evident that the addition of a promoter is more 
effective when the desired concentration of promoter is fully soluble in the liquid 
O § * S mixture. For the data points along the upper curve "A" of Figure 8, 5 ppm by weight of 
eljjSpg sodium bromide (NaBr) was added to the liquid mixture. The solubility of NaBr in 

Z ^ vi < H -x" 

<^I|hw * ese liquid mixtures was greater than 5 ppm, so that the amount of added NaBr 

<\ £ E w < < 
2 o <; g w J 

2 2 1^5 dissolved completely. In these cases, the catalyst hydrogen peroxide productivity rises 

Q< < 

rapidly as the SSP is increased, so that greater than a four-fold increase in yield is 
achieved relative to the comparative case of using only water as the liquid reaction 
solvent by increasing the SSP from 0.14 x 10" 4 to 1.6 x 10" 4 . 
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[0165] In cases where promoters such as halide salts are either not used or are insoluble 
in the liquid solvent mixture, lesser results are achieved as shown by the lower curve 
"B" of Figure 8. In these cases, increases in SSP also result in improved catalyst 
hydrogen peroxide yield, but the rate of increase is lower than when the NaBr promoter 
is used. However, catalyst hydrogen peroxide productivities achieved for higher SSP 
values, even in the absence of a promoter, are substantially greater than those achieved 
at low values of SSP with a promoter. Relative to the comparative case of using water 
as the reaction medium with NaBr soluble promoter, catalyst hydrogen peroxide 
productivities in the absence of promoter are increased almost four-fold by increasing 
the SSP value to 2.7 x 10" 4 



Example 13 

[0166] 50 ml of water and 0.5 g phase-controlled palladium catalyst having a surface 
coordination number of 2 were introduced into a 1 -liter capacity stirred autoclave unit 
together with 1 wt % sulfuric acid (H2SO4) and 5 ppm NaBr and having a liquid SSP of 
0.14 x 10" 4 . Reaction conditions were maintained at 45°C temperature and 1400 psig 
pressure at gas feed rate of 1.0 liter/minute of feed gas containing 3% hydrogen in air. 
O § rj 2 After 3 hours reaction time, hydrogen conversion reached to 24.3%. Liquid product 
H & £ £ B I was analyzed by titration with potassium permanganate, and 2.9 wt % concentration of 

l1 9- ^ P x ^ 



A. i 50 < 5 si 
S cfl S O H W 

y o <c 2 



hydrogen peroxide product was obtained at a yield of 207g/g Pd/h, The examples and 
results are shown graphically as Fig. 8. 
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Example 14 

[0167] The water solvent in Example 13 was replaced by 75 ml of 30 vol% methanol 
and 70 vol % water, having an increased SSP of 0.578 x 10" 4 . The methanol was totally 
miscible with water, and 0.25 g phase-controlled palladium catalyst was used with 1 wt 
% (H 2 S0 4 ) and 5 ppm NaBr. After 2 hours reaction time, hydrogen conversion was 
22.0% and 2.1 wt % concentration of hydrogen peroxide was obtained and yield 
increased to 450 g/g Pd/h. 

Example 15 

[0168] The methanol in Example 14 was replaced by acetonitrile which provided an 
SSP of 0.626 x 10" 4 . The acetonitrile was miscible with water. After 2 hours reaction, 
hydrogen conversion was 18.9% and 1.9 wt % concentration of hydrogen peroxide was 
obtained with a yield of 407 g/g Pd/h. 

Example 16 

[0169] The methanol in Example 14 was replaced by 2-propanol, which increased the 
SSP to 0.908 x 10" 4 . The 2-propanol was miscible with water. After 2 hours reaction, 
hydrogen conversion was 19.8% and 2.3 wt % concentration of hydrogen peroxide was 
obtained with a yield of 493 g/g Pd/h. 

Example 17 

[0170] The methanol in Example 14 was replaced by acetone which was totally 
miscible with water, and increased the SSP to 0.998 x 10" 4 . After 2 hours reaction, 
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hydrogen conversion increased to 61.1% and 2.6 wt % concentration of hydrogen 
peroxide was obtained with yield increased to 557 g/g Pd/h. 



Example 18 

[0171] The methanol and water solvent in Example 14 were replaced with 75 ml 
pure methanol, which has an SSP of 1.6 x 10" 4 . After 2 hours reaction, hydrogen 
conversion increased to 85.2% and 4.1 wt % concentration of hydrogen peroxide 
concentration was obtained at a yield of 879 g/g Pd/h. 



Example 19 

[0172] The methanol in Example 18 was replaced by dimethyl formamide (DMF), 
which has an SSP of 1.44 x 10 -4 . The 5 ppm NaBr was not totally dissolved in the 
DMF. After 2 hours reaction, hydrogen conversion reached to 64.4% and 1.8 wt % 
concentration of hydrogen peroxide was obtained at a yield of 385 g/g Pd/h. 



Example 20 

[0173] The methanol in Example 18 was replaced by 2-propanol, providing an SSP of 

Og rt 2 2.7 xlO* 4 . The 5 ppm NaBr was not totally dissolved in the 2-propanol. After 2 hours 

O E S 3 s 

S^HwHg reaction, hydrogen conversion increased to 82.4% and 3.5 wt % concentration of 
hydrogen peroxide was obtained at yield of 750 g/g Pd/h. 

Example 21 

[0174] The methanol in Example 18 was replaced by 30% hexane and 70% water 
which increased the SSP to 2.078 x 10" 4 . Five ppm NaBr was not dissolved in the 
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hexane, but only in water. The hexane was not miscible with water. After 2 hours 
reaction, hydrogen conversion reached to 79.0% but no hydrogen peroxide product was 
obtained. 



Example 22 

[0175] The hexane in Example 21 was replaced by formaldehyde for which an SSP 
value was not available from literature sources. The formaldehyde was totally miscible 
with water. After 2 hours reaction, hydrogen conversion was only 1 1.8%, and 0.3 wt % 
concentration of hydrogen peroxide product was obtained at yield of only 65 g/g Pd/h. 



B. Oxidation Reactions 
[0176] The supported reactive catalysts of this invention are also useful for reactions of 
oxygen and organic compounds to form oxidized chemical products (direct oxidation). 
A variety of chemical substrates can be oxidized to form useful products. A list of 
examples, not to be construed as limiting the scope of the invention, includes: (a) the 
direct oxidation of olefins to produce acids, such propylene oxidation to acrylic acid or 
ethylene oxidation to acetic acid; (b) direct epoxidation of olefins to form epoxides, for 
example propylene to propylene oxide or ethylene to ethylene oxide; (c) the oxidation 

8 | Eg w S I of xylenes to phthalic acids or related compounds, for example p-xylene to terephthallic 

z y « < E c 
^ ^ > o 5 h 

<j 1 1 1 h w ac ^' o-xylene to phthalic anhydride, and m-xylene to isophthalic acid; (d) the oxidation 

fi 2 s jjj of ethylene to vinyl acetate; (e) the oxidation of ethylene to acetaldehyde; and (f) the 



a § a r = 



o 



oxidation of isobutylene to methacrylic acid. The preferred choice of active component 
for these catalysts will depend on the specific application. For example, the preferred 
main active component for the conversion of olefins to carboxylic acids is palladium, 
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while the preferred active component for the conversion of olefins to epoxides is silver. 
Additional discussion concerning the foregoing reactions may be found in U.S. Patent 
No. 6,500,968 and U.S. Patent No. 6,500,968, which are incorporated by reference. 

C. Hydrogenation Reactions 
[0177] The supported reactive catalysts of this invention are also useful for 
hydrogenation reactions. The catalyst is particularly advantageous in cases where 
selectivity is a critical factor, i.e., cases where the feedstock contains more than one 
reducible functional group, but only certain of these functional groups should be 
hydro genated. A particular example, not meant to be limiting of the scope of the 
invention, is useful in illustrating the utility of the invention. In the selective 
hydrogenation of acetophenone to methyl benzyl alcohol, the catalyst should selectively 
hydrogenate the carbonyl group, while leaving the benzene ring of the acetophenone 
molecule unaffected. A preferred catalyst for this application will be based on a major 
active component of platinum, palladium, or ruthenium. On the catalytic particles 
based on this invention, the double bond of the carbonyl group can be readily adsorbed 
in alignment with the top row of surface atoms on the catalyst surface, thereby 
positioning this bond for attack by hydrogen from adjacent surface sites. However, the 
bulkier aromatic ring does not fit on the linear surface structure, and will not be readily 
hydrogenated. 
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D. Reduction Reactions 

[0178] The catalyst of this invention is also useful for other reductive reactions, 
including but not limited to ammonia synthesis, carbonylation, hydroformylation, oil 
and fat hardening, reductive alkylation, reductive amination, and hydrosilation. 

E. Dehydrogenation Reactions 

[0179] The catalyst of this invention is also useful for reactions which liberate hydrogen 
from reactant molecules, including dehydrogenation and reforming. For catalytic 
reforming of petroleum fractions and other hydrocarbons to form aromatic compounds, 
the preferred active catalytic component is platinum or a combination of platinum and 
rhenium. For reforming of hydrocarbons to form syngas, useful catalytic components 
are noble metals such as palladium, platinum, iridium, gold, osmium, ruthenium, 
rhodium, rhenium, and combinations thereof. The same noble metals, either singly or 
in combination, are useful for dehydrogenation reactions such as the conversion of 
propane to propylene or ethane to ethylene. 



06 



F. Fuel Cells 

rf = [0180] The catalyst of this invention is also useful as the catalytic component in a fuel 
P g h 5 P | cell electrode for polymer electrolyte membrane fuel cells and direct methanol fuel 
< 2 2 1 E u cells. On both the anode and cathode of these fuels cells, a controlled coordination 
2 & 2 s j catalyst based on platinum as the major active component is useful. 

O on 

[0181] The present invention may be embodied in other specific forms without 
departing from its spirit or essential characteristics. The described embodiments are to 
be considered in all respects only as illustrative and not restrictive. The scope of the 
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invention is, therefore, indicated by the appended claims rather than by the foregoing 
description. All changes which come within the meaning and range of equivalency of 
the claims are to be embraced within their scope. 
What is claimed is: 
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